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Ajnong  22  avian  species,  S species  belonging  to  th 
seed  fastilies  Muscicapidae,  Minidae  and  Scurnidae  1 
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. Stipe  (1969) 

eofnetimes  spectacular.  These  co-adaptations  have  fueled  the 
imagination  of  many  generations  of  natural  hiatoriena  (Baker 
1979) . This  interest  in  mutuaiiatic  animal -plant  1 


aenaory  abilities,  energetic  needs,  flight  capabilities,  and 
learning  abilities  of  a variety  of  animals  (Pearson  1993;  von 

dissertation  follows  the  interdisciplinary  tradition  of  using 
the  traits  in  plants  to  generate  hypotheses  and  observations 
on  the  biology  of  their  animal  mutualises  (Ba]cer  1979) . A 
perplexing  pattern  in  Che  sugar  composition  of  nectar  and 
fruit  pulp  led  me  to  explore  the  relationship  between  the 
digestive  traits  and  the  feeding  choices  of  pollinators  and 
seed  dispersers. 

discovered  by  Herbert  and  Irene  Baker.  Baker  and  Baker  (19B2a, 

produce  sucrose-rich  nectars,  whereas  flowers  pollinated  by 
passerine  perching-birds  tend  to  be  rich  in  hekoses.  A similar 


paLtesf)  occurs  la  fruits:  small  birC-dispersed  fruits  that  are 
typically  consumed  by  birds  contain  primarily  hesoses,  uhereaa 
fruits  cultivated  for  human  consumption  tend  to  have  hl9h 
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what  are  Che  physiological  and  etholcgical 

in  a variety  of  bird  species  and  recognize 
physiological  and  behavioral  correlates  of 
In  the  remaining  three  chapters  I evaluate 
some  of  the  patterns  revealed  by  the  experimental  results 
the  first  three  chapters  (chapter  41;  I synthesize  these 
patterns  in  mathematical  form  (chapter  b) ; and  I attempt  i 
set  them  In  an  evolutionary  context  (chapter  61 , Chapters 
relatively  self-contained  and  can  be  read  independently.  ( 


e preferences 
generality  of 


remains  o{  this  introduccion  provides  broad  outlines  of  the 
contents  of  each  chapter. 

In  chapter  1 I describe  the  contrasting  sugar 
preferences  of  three  species  of  passerine  omnivorous  birds 
and  identify  one  of  the  reasons  why  some  birds  reject 
sucrose.  Some  birds  lack  intestinal  sucrase  activity  and 
therefore  are  unable  to  assimilate  sucrose.  The  presence  of 
undigested  sucrose  in  the  intestinal  lumen  has  been  shown  to 
cause  osmotic  diarrhea  and  an  associated  conditioned  aversion 
for  sucrose  (Sunshine  and  Kretchmer  1964) . Chapter  1 raises 

widespread  is  the  absence  of  intestinal  sucrase  activity 

possess  intestinal  sucrase  activity  (chapters  2 and  3)? 

Chapter  2 is  devoted  Co  the  sugar  preferences  of  a 
relatively  specialized  frugivoze  that  shows  sucrase  activity, 
Che  cedar  waxwing  JHambyri ] rprirnrue.  Martin  et  al.  1951) . 

Although  cedar  waxwings  show  sucrase  activity  and  are 
therefore  capable  of  assimilating  sucrose,  they  digest 
glucose  and  fructose  more  efficiently.  I argue  that  their 
extremely  rapid  food  passage  rates  hinder  the  efficient 
digestion  and  assimilation  of  a substrate,  such  as  sucrose, 
that  must  be  hydrolyaed  before  It  Is  absorbed. 

The  sugar  preferences  of  three  hummingbird  species  are 
described  In  chapter  3.  As  would  be  expected  from  their 
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In  chapter  4 I conduct  a comparative  survey  of 
Intestinal  sucrase  activity  among  bird  species.  In  a aaa^le 
of  14  species  of  birds,  sucrase  activity  varies  over  two 
orders  of  magnitude.  Sucrase  activity  was  from  2 Co  118  times 
higher  in  hummingbirds  than  in  the  nine  species  of  passerines 
that  showed  significant  sucrase  activity.  Among  seven 
families  of  birds,  lack  of  intestinal  sucrase  sctivity  seems 
to  be  restricted  to  a very  well  defined  phylogenetic  group: 
the  sturnid-muscicapld  lineage  as  defined  by  Sibley  ec  al. 
(1888}.  Lack  of  Intestinal  sucrase  in  these  birds  seems  to  be 
an  example  of  a phylogenetic  constraint  with  profound 

variation  in  sucrase  activity  is  probably  Influenced  both  by 
feeding  habits  and  phylogenetic  affinities. 

Chapters  1,  2,  and  3 argue  that  sugar  preferences  are 
strongly  influenced  by  relative  rates  of  energy  assimilation, 
and  Chat  these  ace  Che  result  of  the  Interplsy  between 
sucrose  hydrolysis,  glucose  and  fructose  uptake,  and 
intestinal  retention  times.  In  Chapter  5 I integrate  these 
variables  in  a mathematical  model  of  sugar  digestion.  The 


physiological  craica 


composition  of  food  as  boundary  conditions  to  predict  optimal 


retention  times,  and  to  rank 

Che  profitability  of  foods  with 

different  sugar  composition. 

Current  foraging  theory  largely 

ignores  digestive  constraint 

s (Stephens  and  Krebs  IMS).  The 

model  developed  in  chapter  5 

provides  a tool  to  link  the 

digestive  processes  with  the 

behavioral  decisions  of  animals. 

In  chapter  6 1 attempt 

CO  put  together  the  necessary 

elements  for  a plausible  evolutionary  explanation  to  Che 


Chapter  6 explicitly  states 

and  evaluates  the  strategy  that  I 

used  throughout  my  reseerch. 

This  strategy  was  strongly 

influenced  by  the  methods  us 

ed  by  community  ecologists. 

Conrnunity  ecologists  frequently  approach  ecological  problems 


They  attempt  to  identify  the 

behavioral  mechanisms  end 

population  processes  that  ca 

n account  for  broad  ecological 

patterns  (Grant,  19d€) . In  chapter  6 I use  this  hierarchical 


approach  to  summarire  the  re 

sulca  and  conclusions  of  chapters 

1 to  5.  1 auggest  that  it  is 

useful  to  look  at  Che 

ecological  pattern  chat  can 

be  expleined  by  behavioral 

processes  (the  sugar  preferences  of  birds)  and  physiological 


and  ethological  mecnanis(DS. 

In  chapter  6 I also  assess  the 

advantages  and  limitations  o 

f this  multi-level  approach  as  a 

provide  evolutionary  explanaci 


r«sult  of  historical  coevolutlonacy  processes. 


CHAPTER  1 

PHYSIOLOGICAL  COHBELATES  OF  PREFERENCE  AND 
AVERSION  FOR  SUGARS  IN  THREE  SPECIES  OF  BIROS 


It  hts  been  coiruDonl/  aasuned  that  preference  for 
substances  perceived  as  sweet  by  hunans  is  ubiquitous  among 

i (Fringe  1951) . This  preference,  however,  has  been 
d experimentally  for  only  a few  species  (Jacobs  et 
al.  1978) . Another  common  assumption  having  little 
experimental  support  is  Chat  this  preference  is  based  on 
sweet  taste  (Hellelcanc  1979).  Very  different  sugars  ace  often 
considered  equivalent,  and  preference  for  "sweet”  substances 
is  inferred  from  preference  experiments  using  only  one  sugar 
(Brindley  1965;  Kancum  1953;  Levey  19S7a;  Warren  and  Vince 
1963) . Some  experimental  evidence  suggests  that  preference 
for  simple  sugars  in  vertebrates  may  not  be  so  widespread 
(Jacobs  et  ai-  1978) - Preferences  for  simple  sugars  in  many 
species  may  be  mediated  not  only  by  taste  but  also  by 
nutritional  state  and  postingestlonal  effects  (Hare  and 
FicAen  1963/  Rare  and  Haller  1967;  Shuford  1959;  Tomljenovic* 
Borer  1967) , Species  showing  a strong  preference  for  one 
sugar  may  exhibit  aversion  to  another  (Schuler  1983) . 

Rare  and  Hason  (1986)  and  Levey  (1987a)  have  suggested 

liAely  to  prefer  sugars  than  granivorous  or  insectivorous 
species,  and  that  sugar  ooncentratlon  and  composition  of 
fruits  and  nectar  may  influence  fruit  end  flower  choice. 


igsr  preferences 
humoiingbirds  end 


in  birds.  Except  for  Stiles'  11916)  work 
Schuler's  (1983)  research  on  European  Starlings  (SLainiia 
vitloarisi  , few  species  have  been  tested  with  a variety  of 
sugars.  Especially  relevant  are  the  sionosaccharidea  glucose 
and  fructose  and  the  dissacharide  sucrose  contained  in  fruits 
and  nectars  (Baber  and  Baker  1983;  Chan  and  Kwok.  197S) . 

Rogers  and  Mailer  (1973)  showed  that  Red-winged 
Blackbirds  (Aaelains  ptinen) cans)  were  indifferent  to  dilute 
sucrose  solutions  but  relectad  concentrated  ones.  These 
authors  did  not  test  preference  f 
(1983)  examined  the  preferences  o 
and  the  monosaccharides  glucose  and  fructose,  and  found  chat 
European  Starlings  strongly  rejected  sucrose  solutions  but 
avidly  drank  solutions  of  glucose  and  fructose.  Why  night 
both  Red-winged  Blackbirds  and  Starlings  reject  sucrose 
solutions?  Absorption  of  the  monosaccharides  derived  from 
sucrose  (i.e.  glucose  and  fructose)  requires  the  hydrolysis 
of  sucrose  by  Che  intestinal  enzynve  sucrase  (Eemenza  1968)  , 
Perhaps  avian  preference  for  sucrose  is  correlated  with  the 
presence  or  absence  of  sucrase  activity.  I examined  the 
influence  of  sucrase  activity  on  preferences  of  birds  for 
simple  sugars.  I investigated  the  preferences  of  three 
species  of  omnivorous  birds  (European  Starlings.  Red-winged 
9 (Oulscalue  aulsr-ulal  I for  the 


Blackbirds  a 


1 Common 


disaccharide  s 


monosaccharides 


(glacoae  ana  fructose!.  I then  tested  the  hypothesis  chat 
sucrose  averse  birds  vere  sucrase  deficient  by  nessurin9 
blood  glucose  changes  after  a sucrose  or  a monosaccharide 
meal,  and  by  quantifying  the  activity  of  intestinal  sucrase 
in  preparations  of  intestinal  mucosa.  I predicted  that 
intestinal  sucrase  activity  in  Che  three  species  examined 
would  be  ranked  in  the  same  order  as  preference  for  sucrose. 


MAf  nnd  < 

St  birds  were  captured  at  the  Denver  Animal  Damage 
h Center,  Gainesville,  Plorida,  at  least  three  months 
oencs  and  acclimatised  in  1.3  X 1.3  X 2 m 
outdoor  cages  at  a density  of  25  birds  per  cage,  yrocessed 
chicken  feed  (Purina  Layeena)  and  water  were  provided  ad 
libitum  during  that  period.  During  experiments,  birds  were 
boused  in  a covered  aviary  under  natural  temperature  and 
phoCoperiod  conditions.  Each  bird  was  caged  individually 
(cage  size:  48  X X 72  cm)  and  Isolated  visually.  A 5 day 


acclimation  period  during  which  food  and 
ad  libitum  preceded  each  experimental  crl 
females  of  £.  vulgaris  end  Q.  mi-i.sni! a an 
phnenirpiis  were  used  in  the  experiments, 
experiments  during  July  and  August  1986  a 


e Denver  Wildlife 


Center,  Gainesville  T 


Prf’erencf  Tear.; 

Solutions  were  prepared  12  to  24  hours  before  the 
experiments  and  presented  to  the  birds  in  closed  glass 
drinking  cubes  (50  cm  long.  Internal  diameter:  1.1  ram).  The 

section  chat  was  bent  upward  at  a 45®  angle:  an  elliptical 


provided  access  to  the  solutions. 

Each  trial  spanned  two  days.  On  day  1 birds  were  trained 
to  use  the  drinking  tubes  by  exposing  birds  in  sequence  Co  a 

another  hour  to  a cube  containing  distilled  water.  Test 
solution  and  water  drinking  tubas  were  marked  with  different 
colored  tapes  wrapped  Just  above  the  drinking  holes.  Color 
was  used  because  a preliminary  set  of  experiments  suggested 
that  the  birds  had  difficulty  distinguishing  between 
solutions  and  water  when  only  positional  (left  and  right! 


solution  and  water  tubes  were  presented  simultaneously  but 
separated  by  10  cm.  Colors  were  alternated  systematically 
between  left  aod  right  to  minimiae  positional  bias.  After 
each  trial,  consumption  was  measured  to  the  nearest 
millimeter  and  subsequently  cransforraed  to  volume  units.  To 


and  water  were  removed  from  Che  cages  during  trials. 

with  2 colors  and  3 osmolarities  of  test  solutions  (0.125  M, 


rAndonly  assigned  to  each  cell  (coloc  and  concentration 
combination) . The  variable  used  for  preference  was  the  amount 
of  test  solution  consumed  divided  by  total  fluid  consumption. 


n preference  values  t 

significant  interactions  were  i 

significantly  different  from  0.5  findifference  point)  was 
tested  using  multiple  contrasts  (Chew  1976;  Kirk  1982). 

I conducted  two  experiments  with  each  species. 
Experiment  1 tested  preference  for  mixtures  of  glucose  and 

to  merit  the  drinking  tubes  in  this  experiment . Experiment  2 
tested  preference  for  sucrose  against  water,  and  white  and 
blue  were  used  to  mark  the  drinking  cubes. 


Fifteen  birds  of  each  species  were  used  in  each  te 
The  birds  were  fasted  overnight  and  randomly  assigned  t 
groups  of  three  Individuals.  In  one  group,  birds  were  s 
.e  the  rest  were  gavaged  with  3 g per  Kg  o 
mixture  of  glucose  and  fructose 


a 1.66  H solution.  Blood  was  obtained  from  the  sham-intubated 
birds  1 minute  after  intubation.  Blood  was  obtained  from 


birds  in  each  of  the  remaining  groups  at  15,  30,  60  or  90 
minutes  after  intubation.  Blood  collection  and  treatment 


in  an  International  Hicro-capillary  Centifu9e,  plasma  was 
separated  from  cellular  elements,  and  blood  glucose 
concentration  (BGC)  was  measured  using  a glucose  oxidase 
method  (Worthington  Statayme,  Cooper  Biomedical} . 

After  10  days  I randomly  re'assigned  the  same  birds  to 
five  groups  of  3 individuals  and  the  same  procedure  was 
repeated  using  a 0.G7  K solution  of  sucrose. 


Sucrase  Activity 


hORogeniaer  (2S  sf 
suspensions  were  s 


imataphane.  The  small 
chilled  in  ice  cold  1.02t  NaCl  and 

proximal,  medial  and  distal  sections 
Mucosal  scrapings  were  homogenised 
‘f  1.021  NaCl)  using  a Brinkman  Polytron 
at  setting  I 6}  and  the  resulting 
>red  in  liquid  nitrogen.  Just  prior  to 
homogenates  were  thawed  at  22^C,  and  )iept 


. Protein  concentration  of  homogenates  w 


} measured 


using  the  Bio-Red  kit  IBio-Bad,  Richmond,  CA),  with  gamma 
globulin  standard. 

I assayed  sucrase  activities  with  a colorimetric  method 
modified  from  Dahlqvlsc  (1994)  and  Trinder  11969).  Briefly, 
the  reaction  was  started  by  adding  33  pi  of  thawed  mucosal 
homogenate  plus  33  pi  of  sucrose  stock  (0,036  M sucrose  in 
O.l  M sodium  malate  buffer  PH  6.D).  After  Incubating  at  39®C 


stop/develop  reagent 


to  arrest  the  suerase  activity  and  to  itveasure  liberated 
glucose.  Hy  atop/develop  reagent  was  made  by  dissolving  1 
bottle  ol  •’Glucose  (Trinder) -315-100"  reagent  powder 
(proprietary  mixture  of  Sigma  Chemical  Co.)  plus  50  ml  of  1.0 
M Tris/HCl  (pH  l.Ol  and  50  ml  of  0.5  K phosphate  buffer 
(NaK2P04/Ha2HP04 . pH  1.0).  Blanhs  were  prepared  by  separately 
incubating  33  pi  of  mucosal  homogenate  at  39"C  for  10  min, 
after  which  time  33  ill  of  sucrose  stock  plus  1 ml  of 
scop/develop  reagent  was  added.  The  arrested  reactions  were 

absorbances  were  measured  at  505  nm  using  a Seckman  DU-7HS 
digital  spectrophotometer.  Glucose  standards  (0  to  40  pg  in 
56  pi  of  0.1  H sodium  maleate  buffer  pH  6.0)  were  also 
similarly  reacted  with  the  stop/develop  reagent.  Based  on 
absorbance  measurements,  suerase  activities  were  subsequently 
calculated  as  pmole/mln 'mg  protein.  In  preliminary  tests  of 
the  assay  I found  that  sucrose  hydrolysis  increased  linearly 
for  absorbances  lower  than  0,8,  Incubation  times  of  10 
minutes  consistsntly  gave  absorbance  values  in  the  linear 


Preference  Tests 

We  found  no  significant  interactions  between 
concentration  and  color  in  any  of  the  experiments  (0.09  S F 6 
2.63,  df-  2,  47,  p > 0.05).  All  species  significantly 
preferred  solutions  containing  glucose  and  fructose  at  0.35  M 


sna  0.7  M coneentraiiona  (Fig  l-ll,  bui  xere  inaiffecent  to 
0.17S  M solutlona. 

Starlings  significantly  rejected  the  nost  concentrated 
of  Che  sucrose  solutions  (0.7  Ml  and  were  indifferent  to 
0.175  M and  0.  35  M solutions  (Fig,  l-l).  Regardless  of 
ooncentration  the  amount  of  sucrose  solution  consumed  in  day 
2 was  significantly  less  than  the  amount  consumed  on  day  1 (p 

glucose  + fructose  solutions  by  S.  vni o*r( s increased 
significantly  for  the  most  ooncentrated  solution  (0.7  h)  from 
day  1 to  day  2 (p  < O.OS,  sign  test),  and  was  not 
significantly  different  for  0.175  H and  0.35  M solutions 
(Fig.  1-2). 

Red-winged  Blackbirds  were  indifferent  to  0.175  H 
solutions  of  sucrose,  significantly  preferred  0,35  M 
solutions  and  rejected  0.7  M solutions  (Fig.  l-ll,  showing  a 
typical  indifference-preference-aversion  curve  (Harriman  and 
Rare  19S6I . This  result  contrasts  with  Rogers  and  Mailer's 
(1973)  report  of  a continuously  decreasing  preference- 
concentration  curve.  Common  Crackles  significantly  preferred 
sucrose  solutions  over  water  at  ail  concentrations  (Fig.  1- 


A sharp  increase  in  BGC  followed  the  administration  of 
the  glucose-fructose  mixture  In  sll  species.  B5C  peaked  at 


intubation  and  declined  thereafter 


(Fig-  1-3).  Red-winged  Blacltbirds  and  Ccpinmon  gtackles  showed 
qualitatively  slntilar  BGC  curves  after  a sucrose  load  (Fig. 
1-3) . These  curves  are  only  slightly  lower  than  the  ones 
obtained  after  a glucose  and  fructose  load.  In  Starlings  no 
elevation  in  BGC  was  found  after  administration  of  sucrose. 

Ensvine  Rrt  iv‘-v 

We  measured  how  sucrose  ensymatic  hydrolysis  varied 
with  position  along  the  small  Intestine  in  3 individuals  of 
each  species  (Fig.  1-41.  Sucrose  hydrolysis  per  unit 
milligram  of  protein  decreased  distally  in  Common  Grachles 
but  remained  relatively  constant  in  Red-winged  Blackbirds. 
Sucrase  activity  was  consistently  higher  in  Common  Grac)tles 
chan  in  Red-winged  Blackbirds.  I was  unable  Co  detect  any 
sucrase  activity  in  Starlings. 

Piscussion 

This  study  demonstrated  chat  interspecific  differences 

preferences  are  correlated  with  relative  sucrase  activity. 

The  three  species  studied  can  be  ran)ted  with  regard  to  these 
pcefecences  as  sucrose  prone  (preferring  sucrose  to  water  at 
all  concentrations  tested.  Common  Crackles);  sucrose  tolerant 
(preferring  intermediate  concencrstions  of  sucrose  over  water 
but  rejecting  concentrated  ones.  Red-winged  Blackbirds) . and 
sucrose  intolerant  (rejecting  concentrated  solutions  and 
developing  a conditioned  aversion  to  even  diluted 


concentrations.  Starllngsl . Sucrase  activity  was,  as 
predicted,  ranted  in  the  same  order  as  preference  for  sucrose 
solutions,  with  Common  Crackles  showing  the  highest  activity. 
Red-winged  Blackhirds  intemedlace  levels  and  starlings 
lacking  detectable  activity.  In  animals  with  disaccharidase 
deff iciencies.  the  ingestion  of  substrates  is  accompanied  by 
both  osmotic  and  fermentative  diarrhea  (KcHichael  et  si. 

1965;  Sunshine  and  Kretchmer  1964) . The  development  of  an 
aversion  for  sucrose  solutions  shown  by  Starlings  is  probably 
a result  of  the  effects  caused  in  the  intestine  by  a 
substrate  chat  can  be  neither  digested  nor  absorbed. 

In  contrast  to  the  results  reported  by  Rogers  and  Haller 
{1S731,  I did  not  find  that  preference  decreased  as  sucrose 
concentration  increased.  Instead.  Red-winged  Blackbirds  were 
indifferent  Co  sucrose  solutions  at  low  concentrations, 
significantly  preferred  0.35  M solutions  over  water,  and 
rejected  concentrated  solutions.  The  discrepancy  between  my 
results  on  Red-winged  Blackbirds  and  those  reported 
previously  by  Rogers  and  Mailer  {1913}  may  be  due  to 
differences  in  the  source  populations  or  differences  in  diets 
during  the  acclimation  period  before  the  experiments.  Rogers 
and  Mailer's  birds  were  captured  in  Maryland,  whereas  the 
birds  I used  were  captured  near  Galnesvilie,  Florida.  It  ia 
conceivable  tnat  there  Is  interpopulatlon  variation  in 
preference  resulting  from  variation  in  diets.  Rogers  and 
Mailer  fed  their  birds  Purina  Same  Bird  Flight  Conditioner 
(FGBFC) , while  I fed  ours  Purina  Layeena  <PL) . peSFC  is  a 


hi^h  protein  aiet  l>30l  ctua*  protein)  and  does  not  include 
molaaaea  products  (containing  sucrose)  in  its  conposition, 
whereas  PL  contains  less  protein  ( > 161)  and  includes 
molasses  products  (data  from  the  feed  bags).  Rosensweig  et 
al.  (1S68)  and  Stifel  et  al.  (1968)  )iave  shown  that  dietary 
levels  of  carbohydrates  result  In  changes  in  jejunal 

(1983)  showed  that  a high  carbohydrate  diet  induces 
Intestinal  monosaccharide  transport.  It  is  very  il)cely  that 
the  adaptive  processes  tslting  place  wiienever  an  animal 
changes  its  diet  will  result  in  preference  changes.  (Cowever, 
since  all  the  birds  used  in  ray  experiments  were  fed  exactly 
the  same  diet  for  an  extended  period  of  time,  the 
interspeoific  enryme  activity  differences  found  are  not  just 
physiological  adaptations  to  a particular  diet  but  probably 
possess  a strong  genotypic  component. 

Hanson  and  Parsons  (1976)  and  Rieaenfeld  et  al.  (I960) 
have  shown  in  the  Chicken  (Sallua  aailfl)  that  part  of  the 
glucose  absorbed  after  a meal  is  converted  to  lactate  in  the 
intestinal  wall.  The  observed  increase  in  6GC  after  a 
glucose-containing  meal,  therefore,  is  not  an  absolute 
indicator  of  the  amount  of  glucose  that  Is  absorbed,  and  the 
technique  is  only  useful  for  comparative  purposes.  As  shown 
by  the  data,  it  serves  only  to  distinguish  sucrose  digesters 
(species  or  Individuals)  from  non-dlgestors  (see  Newcomer  et 
al.  1975  for  the  performance  of  a similar  technique  used  to 
detect  lactase  deficiency  in  humans) . 


starlings,  Common  Crackles  and  Rad-wlngad  Blackbirds  may  be 
correlated  with  their  feeding  habits  in  nature.  Although  the 
three  species  used  in  the  experiments  are  largely  omnivorous, 
the  proportions  of  insects,  grain  and  fruit  they  eat  vary 
widely  among  them.  Common  Crackles  and  Bed-winged  Blackbirds 

especially  during  the  winter  and  fall  (Beal  1900;  Martin  et 


granlvorous 


European  Starlings 


of  their  diets,  consuming  only  sraall  amounts  of  grain  or 
grain  products  during  the  winter  (Kalmbach  and  Sabrielson 

activity  of  other  intestinal  carbohydrases  such  as  maltaae 


and  Stevens  19B9),  and  have  been  shown  to  face  poorly  on  high 
carbohydrate  grain  diets  (Taitt  1973,  Thompson  and  Grant 
1908) . Barthold  (1976)  has  suggested  that  many  temperate  bird 
species  use  fruit  as  a nutritional  supplement  to  either 
insects  or  grain  (see  also  Martin  et  al.  1951) . The  pulp  of 
most  bird  dispersed  fruits  is  rich  In  glucose  and  fructose 
but  contains  only  small  amounts  of  sucrose  (whereas  fruits 
used  for  human  consumption  tend  to  be  richer  in  sucrose, 

Baker  and  Baker  1986) . Starlings  can  include  many  species  of 
fruits  in  their  diets  because  fruits  either  lack  sucrose  or 
contain  only  small  amounts  of  it  (chapter  6) . By  acting  as 
discriminating  consumers,  birds  may  have  influenced  in 


evolutionary  time  the  sugar  composition  of  the  fruits  they 
consume  and  uhose  seeds  they  disperse.  The  preferences  of 
fruit  eating  birds  for  different  sugars  and  Che  distribution 
of  sucrase  among  them  nay  have  important  coevolut ionary 
consequences  (chapter  6) . 

birds  ia  extremely  heterogeneous  {see  Semenaa,  19EB,  and  Vonk 
and  Hestern,  19S4K  Unfortunately  too  few  species  have  been 
assayed  Co  establish  a clear  relationship  between  dietary 
habits  and  the  activity  of  various  earbohydraaes . Data 
suggest,  however,  that  the  activities  of  specific  enzymes  are 
reduced  when  their  substrates  ace  rare  or  absent  from  an 
animal's  diet  (Vonk  and  Western,  1904).  My  results  indicate 
that  variations  In  sucrase  activity,  presumably  resulting 
from  genotypic  adaptations  to  dietary  differences,  are 
correlated  with  the  preference  of  birds  for  sucrose.  Maybe 
Insectivorous  and  carnivorous  birds  have  low  levels  of 
sucrase  and,  therefore,  are  sucrose  averse.  Granlvorous 
birds,  in  contrast,  probably  have  higher  sucrase  activities 
and  are  sucrose  tolerant  or  sucrose  prone.  In  chapter  4 I 
will  critically  examine  the  ecological  and  phylogenetic 


activity 


Conceniraiion  (Mois/lii 


Fig.  1-1.-  Comparative  preferences  for  a mixture  of  gloeose 
and  fructose  (abovei,  or  sucrose  (below)  against  water  Bars 
are  95»  confidence  intervals  and  the  dashed  line  at  0 5 
indicates  no  preferenee.  S.v.  is  SMirnm  vi, jg 
Q.g  is  Pui  ailia£lil4. 


Oisiance  Iron  o/toius  (cm) 


1-4 --  Sucrase  activity  as  a function  of  intestinal 
....  species  of  birds.  Activity  is  norsialiaed  to 


PHISIOLOGICRL  BASIS  AND  ECOLOGICAL  CONSEQUENCES  OF  SUGAB 
PREFERENCES  IN  CEDAR  WAXWINGS 

The  disaccharide  sucrose  and  the  nonosacchacides 
hexoses,  fruccose  and  9lucose,  are  the  most  commoc  siaple 
sugars  in  fruit  puip  and  nectar  (Chan  and  Kuoh  1975;  Reid  and 
Freeman  1986;  Baker  and  Baker  1993,  19861  . BUfomingbird- 
pollinated  plants  produce  nectars  with  a high  proportion  of 
sucrose  whereas  passerine-pollinated  plants  produce  nectars 
with  a low  proportion  of  sucrose  and  high  proportion  of 
hexoses  (Cruden  and  Toledo  1977;  Baker  and  Baker  1962,  1983; 
Scogln  and  Freeman  1984) . Small  bird-dispersed  fruits,  which 
are  typically  fed  upon  by  passerines,  contain  mainly  hexoses, 
whereas  cultivated  fruits  used  for  human  consumption  tend  to 
have  high  sucrose  contents  (Baker  and  Baker  1986.  and  pers. 
comiri-).  These  differences  in  sugar  composition  remain  largely 
unexplained.  It  has  been  postulated  that  chemical 
characteristics  of  nectar  and  fruit  pulp  evolved  in  response 
to  Che  preferences  of  pollinators  and  seed  dispersers  (Baker 
and  Hurd  1968;  Howell  1979;  Levey  1997).  With  few  exceptions 

preferences  of  birds  that  feed  on  nectar  and  fruit  are 

Glucose,  fructose,  and  sucrose  have  different  modes  of 
intestinal  transport  and  produce  different  metabolic  effects 


after  ingeaclon  and  absorption  (Sestoft  1981,  Gray  1981). 

Even  though  they  are  similar  chemically  and  in  caloric  value, 
these  sweet  substances  may  not  be  biologically  equivalent. 
Schuler  (1983)  has  demonstrated  that  the  European  Starling 
(Sturnus  vuioariai  rejects  Sucrose  solutions  but  readily 
accepts  solutions  of  fructose  and  glucose.  Sucrose  aversion 
in  the  starling  is  associated  with  a deficiency  in  the 
intestinal  enzyme  sucrase  which  hydrolyzes  sucrose  into 
fructose  and  glucose  (chapter  1) . Animals  lacking  sucrase  are 

presence  of  undigested  sucrose  in  the  intestine  of  these 
animals  can  cause  severe  osmotic  diarrhea.  In  this  way,  the 
absence  of  intestinal  sucrase  can  be  associated  with  aversion 
for  sucrose  (Sunshine  and  Kretchmer  I960. 

In  this  chapter,  t report  the  sugar  preferences  of  the 
Cedar  Haxwing  tBombvri ) u recrnnim^ , one  of  the  most  heavily 
fruglvorous  birds  in  temperate  North  America  (Martin  et  al. 
19S1).  I also  analyze  the  influence  of  taste  and 
postingestlonsl  factors  on  these  preferences.  Since  most 
bird-dispersed  fruits  in  tempeiste  North  America  are  hexose 
dominated  (1.  Ba)ter  and  H.G.  Baker  in  1 itr  . i . i predicted 
that  Cedar  Waxwlngs  would  prefer  glucose  end  fructose  over 
sucrose.  I also  hypothesized  chat  this  preference  would  be  a 
result  of  sucrase  deficiency.  I examined  these  hypotheses  by 
using  simple  tests  in  which  birds  were  offered  a choice 
between  augers;  by  estimating  the  efficiency  with  which  the 
birds  digested  and  absorbed  sucrose,  glucose  and  fructose  in 


assaying 


n preparations  o 


Ten  Cedar  Maxwinga  were  captured  In  Madison,  Wisconsin, 
during  October  1S8S.  Birds  were  kept  indoors  and  housed 
together  (cage  size:  2 X 2 X 1 m.)  for  approximately  two 
weeks,  after  which  I transferred  them  to  individual  cages  (flO 

protein  isolate  ad-!  ihit-tun  ('banana  mash’}  and  provided  with 
water.  The  composition  of  simple  sugars  in  this  diet  was  89% 
glucose.  38%  fructose  and  3%  sucrose  (sugar  analysis 
performed  by  I.  Ba!terl  . The  aviary  had  a 12D-12N  hra  light 
cycle  and  constant  temperature  of  23*  C (±  1“  C)  . 


Sugars  were  presented  to  the  birds  in  cubes  made  with  10 
grams  of  agar  (Difco  Bacto-Agar) , 150  grams  of  sugar  (reagent 
grade),  2 ml  of  red  food-dye  (McCormick  t Co.  Inc.}  and  1000 
grams  of  boiling  water.  The  resulting  gel  was  cut  into  smell 
cubes  (about  O.S  X 0.$  X 0-6  cm  and  0-18  grams,  SD  ■ 0-06  g, 

Oenslow  1968;  White  and  Stiles  1988).  Except  where  stated, 
augar  concentrations  in  the  cubes  are  expressed  as  g sugar/ 
100  g water.  The  cubes  were  presented  in  two  plastic  trays  (5 
X 3 X 3 cm)  each  containing  cubes  with  one  kind  of  sugar 


eaten  from  each  tray  was  eatlnateC  as  the  Clffetence  between 
the  weight  of  the  tray  before  and  after  each  es^periitent . To 
estimate  weight  loss  resaitlng  from  evaporation  of  cubes,  two 
trays  containing  the  sane  sugars  used  in  the  experiment  were 
weighed,  left  inside  the  aviary  for  the  duration  of  the  trial 
and  weighed  again  at  the  end.  Since  loss  by  evaporation  was 
minimal  {mean  amount  lost  by  evaporation  ± SO  - 0.  4 ± 0.2  g. 


weight  values  for  analysis.  1 performed  all  choice 
experiments  in  the  aviary  about  30  minutes  after  the  lights 

In  secies  1 I tested  preferences  for  glucose,  fructose, 
sucrose  and  a mixture  of  glucose  and  fructose  (1:1  ratio]  by 
offering  the  birds  a choice  between  a tray  containing  agar 
cubes  with  sugar  (’sugar*  cubes)  and  a tray  containing  agar 


sugar  was  calculatsd  by  dividing 
eaten  by  the  total  weight  of  both 


Preference  for  each 
weight  of  sugar  cubes 


birds  could  taste  sugars,  I observed  2-4  birds  in  each  trial 


number  of  cubes  swallowed 
I compared  preferences  bet 


presenting 


containing  agac  cubes  made  with  a different  sugar  cc  mixture 
of  sugars.  Ul  possible  pair-wise  combinations  of  glucose, 
fructose,  sucrose  and  the  mixture  of  glucose  and  fructose 
were  tested.  The  position  of  the  trays  (left  or  tlghtl  was 


randomised 
preference 
as  defined  above,  was  i 
(the  indifference  point 
tested  is  equal)  using 


:h  bird  in  every  experiment.  In  each 
tested  the  null  hypothesis  that  preference, 
was  not  significantly  different  from  O.S 

sample  t-tests  on  arcslneV 


transformed  preference  values.  Jdl  trials  lasted  1.5  hrs, 
with  the  exception  of  an  experiment  in  which  sucrose  was 
paired  with  fructose.  This  experiment  was  repeated  using  both 
1.5  and  3 hrs  long  trials.  The  same  ten  birds  were  used  in 
all  the  preference  experiments.  I collected  excreta  samples 
from  each  bird  after  every  experiment  and  measured  their 
sugar  concentration  with  a pocket  refrectometer.  Although 
urates  and  other  fecal  contaminants  with  undetermined 
refractive  properties  make  the  refraetoraeter  readings 
imprecise  (Inouye  et  al.  1980),  1 found  different  sugar 


To  measure  the  efficiency  with  which  cedar  waxwings 
absorbed  each  sugar,  I used  a double-isotope  method  (Karasov 
et  al.  1986).  Agar  cubes  were  prepared  using  Hc(UI 
(uniformly  labeled)  sugar  (D-glucose,  fructose,  or  sucrose) 
and  3)i  polyethylene  glycol  (PEG,  molecular  weight  4,000)  as 


an  inert  marker  that  Is  net  absorbed  in  the  gut.  Each  10 
gram  cube  contained  20  mlcrocuries  of  sugar  and  75 

nicrocuries  of  ?ES  In  each  experiment  six  birds  were 
deprived  of  food  for  15  minutes  and  then  allowed  to  feed  on 
these  labeled  cubes  for  2 minutes.  The  mean  weight  of 


radioactively  labeled  c 


0.06  g) . 


allowed  birds  to  eat  banana  mash 


ad-1  ihUum  ■ Excreta  were  collected  from  plastic  sheets  at  the 


4 times  background.  Recovery  of  the  PEG  marker  ranged  from  72 
to  96  percent  (mean  ± SD»  • 0.62  ± 0.09,  N • 18).  Exereta 
were  counted  for  and  using  double-isotope  procedures 
(see  Karasov  and  Diamond  1983  for  details).  Extraction 
efficiency  was  calculated  by  the  inert-indicator  ratio  method 
<Kotb  and  Luckey  1972,  Karasov  et  al.  1966)  as 
100  - 100  [ (cpmj,gg/epm,,^„)  ({lad  X Iepm,ug„/cpmpg5)  , 

where  cpm  is  counts  per  minute  in  a scintillation  counter. 

Because  all  ingested  PEG  is  excreted,  an  extraction 
efficiency  of  100%  is  obtained  if  (cpmgugap) ^^creta  equals 
zero,  and  an  efficiency  of  0 is  obtained  if  the  ratio 
opmgugar/upmpgc  has  the  same  value  in  excreta  as  in  food.  The 
quantity  defined  here  as  extraction  efficiency  is  a synonym 
for  apparent  digestibility  (Church  and  Pond  1982) . 

I obtained  mean  retention  times  for  PEG  by  fitting  the 
cumulative  excretion  as  a function  of  time  to  the  equation 

y(t)  ■ 1-exp (-)t (t^-t) ) , 


1 a nonlinear  least  squares  program  (SAS  procedure  NLIN; 
institute) . Y(t)  Is  the  cumulative  proportion  of  marker 
!r  time  t,  is  the  transit  time  for  the  leading  edge  of 
bolus,  and  k is  the  rate  constant  for  excretion.  An 

•he  mean  residence  time  of  marker  particles  in 


the  digestive  tract  was  estimated  by  summing  the  estimated 
value  of  the  reciprocal  of  )t  with  Che  estimated  value  of  Tj 
(Karasov  et  al.  1986;  Penry  and  Jumars  1987)  - The  reciprocal 
of  the  mean  residence  time  is  a measure  of  food  passage  rate 
(l.e.r  low  mean  residence  times  imply  high  passage  rates) . 


Six  birds  were  used  in  this  experiment. 


Sucrase  Activity 

The  methods  used  to  measure  intestinal  sucrase  activity 
are  outlined  in  detail  in  chapter  1. 


Choice  Exonrlmenri 

consumption  of  C)d>es 
significantly  higher 


strongly  preferred  sugar  cubes  ov( 
.).  Contary  to  expectations,  total 
{sugar*pure  agar  cubes)  was 


excreta  was  also  significantly  higher 


in  all  cases,  table  2-1),  suggesting  a lower  sucrose 


digestibility. 


Th«  bird«  pic)ced  up  individual  cubaa 


manipulated 


air  bills,  repeatedly  toucbinp  the  cubes  with  their 
3 then  either  swallowing  or  dropping  them.  Sugar 
almost  always  swallowed  after  having  been  picked 
tray  whereas  pure  cubes  were  almost  always  dropped 


Series  2.  When  given  a choice  between  sugars.  Cedar 
Waxwlngs  significantly  preferred  glucoae  and  the  mixture  of 
glucose  and  fructose  over  both  fructose  and  sucrose  (Table  2- 
3).  Glucose  was  not  significantly  preferred  over  the  mixture. 
In  a l.S  h trial  the  birds  appeared  to  show  no  preference 
between  fructose  and  sucrose.  When  a longer  trial  O b)  was 
used,  however,  the  birds  significantly  preferred  fructose 
over  sucrose  (preference  for  fructose  ■ 0.S9  ± 0.13.  t ■ 

2.31.  p < 0.05) . The  ranking  of  preferences  therefore  is: 
glucoae  - glucose  * fructose  > fructose  > sucrose. 

As  predicted.  Cedar  Waxwlngs  preferred  monosaccharides  over 


the  amount  of  sugar  in  excreta  decreased  significantly  as  the 
preference  for  monosaccharides  incressed  (Fig.  2-1) . This 
negative  correlation  suggests  that  birds  preferring  sucrose 
were  assimilating  less  than  birds  preferring  monosaccharides. 

those  birds  preferring  sucrose  over  monosaccharides;  the 
total  amount  of  cubes  consumed  in  each  trial  was  positively 
correlated  with  preference  for  sucrose  (Fig.  2-2). 


Extraction  eCficienciea  by  the  birds  for  both  glucose 
and  fructose  were  significantly  higher  than  that  of  sucrose 
(paired  t-tests,  t ■ 6.20,  t • S.Sl  respectively,  p < 0.05, 
Table  4-2) . The  extraction  efficiency  of  glucose  appears 
higher  than  that  of  fructose,  although  the  significance  is 

efficiencies  were,  thus,  ranked  in  the  sane  order  as 
preferences.  I had  hypothesised  that  Cedar  Haxwings  would  be 
sucrase  deficient,  and  therefore  unable  to  digest  sucrose. 
This  hypothesis  was  falsified  by  the  estimated  extraction 
efficiency  found  for  sucrose;  Cedar  Naxwings  were  able  to 
digest  sucrose  albeit  less  efficiently  than  glucose  or 


The  averages  of  mean  residence  times  of 
water  soluble  food  particles  in  the  gut,  were 
w 4.2,  Nw0)  for  the  glucose  experiment,  41.3 

experiment  (±  SD  ■ 6.2,  N«61 . PEG  excretion  p 
cumulative  excretion  are  shown  in  Fig.  2-3,  The  freguency 
distribution  of  excreted  particles  was  a decreasing  function 
of  time  and  was  adequately  described  by  exponential  density 
functions  (the  coefficient  of  correlation  for  individual 
34  to  0.9S,  Fig.  2-3) , 


trials  ranged  from  O.i 


Sucrase  Actlvirv 

Because  the  exCraccion  efficiency  expesijDencs  indicated 
chat  Cedar  Waxwings  were  capable  of  digesting  sucrose,  it  was 
not  sucpriaing  to  find  sucrase  aociulcy  in  the  raueosal 
preparations.  The  affinity  of  this  enzyme  for  sucrose  as 
measured  by  K„i  did  not  vary  appreciably  among  Che  throe 

mH,  ranging  from  15.2-1S.'7  nM)  . The  maximal  race  of  sucrose 
hydrolysis  decreased  from  che  proximal  Co  Che  distal 

segments  of  the  intestine  regardless  of  whether  sucrase 
activity  was  normalized  to  protein  concentration  or  tissue 
length  (Fig.  2-4).  Sucrose  hydrolysis  increased  with 
concentration  in  a typically  decelerating  fashion.  Figure  2-5 


Dl.scussinn 


Many  previous  studies  have  shown  that  birds  can  detect 
sugars  (Levey  1981  and  references  included],  but  few  have 
shown  Chat  taste  is  involved  in  sugar  detection  (Kare  and 


Mason  1986) . Cedar  Waxwings  were  able  to  distinguish  between 
cubes  Kith  and  without  sugars  before  swallowing  them.  Taste, 
therefore,  is  probably  involved  in  their  recognition  of 
sugars.  In  short  term  trials  (1.5  h).  Cedar  Waxwings  were 
also  able  to  discriminate  among  different  sugars.  The  cues 
used  by  birds  Co  achieve  this  ace  un)tnown.  Taste  may  have 


been  important,  but  position  and  che  texture  of  the  cubes 
made  with  different  sugars  may  also  have  been  involved .Jacobs 


al.  (1978)  hava  suggested  that  flavors,  as  well  as  other 
cues,  serve  as  mar)cers  for  what  aniirals  have  learned  about 


positively  correlated  with  total  consumption  of  cubes,  These 
results  Indicate  chat  birds  feeding  on  sucrose  or 
preferentially  on  sucrose  wore  more  etimulated  to  esc.  Since 
sucrose  is  absorbed  less  efficiently  than  either  glucose  or 
fructose,  the  birds  had  to  eat  more  to  increase  their 
absorbed  energy  intake. 

Blood  glucose  level  and  its  monitoring  by  brain 
glucoreceptors  have  been  implicated  in  many  theories  of 
control  of  food  intake  (Le  Magnen  198S) . High  levels  of  blood 
glucose  are  uaually  associated  with  lowered  food  intake.  The 
rate  at  which  circulating  glucose  Increases  in  Cedar  Haxwlngs 
Is  probably  higher  after  a glucose  (os  a glucose  + fructose! 
meal  than  after  a sucrose  meal  of  equal  size.  Glucose  and 
glucose*  fructose  meals  are  probably  more  efficient  at 
suppressing  the  feeding  response  ('hunger*!  than  sucrose  and 
are  therefore  preferred. 

The  difference  In  absorption  efficiency  between  glucose 
and  fructose  was  relatively  small.  Why  then  did  Cedar 
(Saxwlngs  strongly  prefer  glucose  and  glucose  + fructose  over 
fructose?  Rowland  and  Strieker  (1979)  have  shown  that 
intravenous  infusions  of  fructose  are  less  efficient  than 


e^lcalorlc  infusions  of  glucose  In  suppEessing  insulin- 


induced  feeding  in  racs.  Fruccose  cannon  ccoss  the  blood- 
btsin  barrier  in  mamnals  (Oldendorf  1971)  and  its  effect  i 
suppressing  hunger  may  be  less  than  that  of  glucose  both  i 
racs  and  in  Cedar  Waxuings.  This  hypothesis  is  supported  b 


not  prefer  fructose  over  sucrose  in  spit* 
fructose  was  e 
increase  in  blood  glucose 
fructose  is  delayed  becau: 

(Pontremoll  and  Grari  196) 

depends  on  the  levels 

This  lag  nay  explain  v 
in  long  tern  3 h trials  whlct 

Cedar  Waxwinga  are  able 
efficiency  with  which  they  do  so  is  less  thai 
they  digest  glucose  and  fruccose.  Why  do  Ced> 
absorb  nonosaccharides  inore  efficiently  than 
sucrose?  The  moan  retention  tines  I estimated  for 
Haxwlngs  are  extremely  short  (grand  mean  of  all  c) 
experiments  - 40.73  min,  see  also  Holthuicaen  and 
19341;  they  are  even  shorter  chan  those  of  Rufous 


'dar  Waxwings  di 

he  intestine.  T 

I go  through 

glucose 


e efficiently 

ause  fructose  has  Co 
liver  to  be  modified 
968;  Seetofc  19831.  The  length  of  Che 
n blood  glucose  after  a fructose  meal 
f liver  glycogen  and  is  shorter  with 

y fruccose  is  preferred  over  sucrose 
permit  glycogen  accumulation 
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± 3 min;  Karasov  et  al.  1966).  The  weight  o£  Ruiciua 
Kununingbirds  is  ca  3g  (Karasov  et  al.  1986),  and  chat  of 
Cedar  Haxwings  is  about  30  g.  In  concrasc  with  Cedar 


Haxwinga,  hustmingbirds  show  extrereely  high  e 
efficiencies  (ca  99t)  when  fed  sugar  solutions  of  both 
nonosaccbarides  and  sucrose  (Hainsworth  1974;  Karasov  et  al. 
1986)  . It  nay  be  that  the  extrenely  fast  passage  rates  of 
food  in  Cedes  Waxwings  impede  the  efficient  digestion  of  a 
substrate  such  as  sucrose  which  has  to  be  hydrolysed  before 
it  is  absorbed.  Researchers  have  historically  assumed  chat 
high  food  passage  rates  are  a typical  trait  of  frugivorous 
birds  IHetmore  1914;  McKey  1975;  Hoermond  and  Denslow  1985) . 
This  assumption  has  received  surprisingly  little  empirical 
support,  and  data  comparing  passage  rates  of  frugivorous 


scant.  Herrera's  (1984)  work  on  Mediterranean  frugiuotes  is 
one  of  Che  few  good  comparative  examples.  If  high  food 
passage  races  are  Indeed  typical  of  frugivores,  and  if  fast 
passage  rates  hinder  the  digestion  of  sucrose  relative  to  the 


digestion  of  hexoses,  then  I hypothesize  chat  frugivorous 
birds  are  less  efficient  in  digesting  sucrose  chan  in 
digesting  glucose  and  fructose.  I also  hypothesize  chat  a 
consequence  of  Che  constraint  imposed  by  high  food  passage 
rates  is  that  frugivorous  birds  prefer  the  monosaccharides 
glucose  and  fructose  over  sucrose. 


Preferencft  for  rronoaaccnafides 


Fig.  2-1.  Relationship  between  psefesence  for  monosacch 
three  experinents  in  which  glucose  {circles,  « - 0.8 
0.011,  fructose  {squares,  r^  ■ - 0.80,  p < 0.01),  and  a 
ctiixture  of  glucose  and  fructose  {triangles  3,  * - 0. 
< 0.01)  were  paired  with  sucrose.  £ach  point  represents 
individual  bird  in  one  experiment  (the  same  10  birds  we 

weight  pec  unit  weight  of  sucrose  equivalents. 
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Fi9-  2-2.  Relationship  hetween  total  weight  of  cubes  eonsumed 
ana  preference  for  sucrose  over  nonoseccharides  (r,  - 0.62,  o 

< 0.001)  . 5 - <■ 


Fig,  2-3.  Excretion  of  the  inert  itiathet  PEG  as  a function 
time.  Top:  fraction  of  total  excreted  PEG  excreted  during 
previous  interval;  bottom  cumulative  excretion.  Each  point 
the  weighted  mean  of  three  experiments,  bars  are  standard 
errors,  six  birds  were  used  in  each  experiment. 


Sucrose  concemration  (mM) 


Fig,  2-5.  Sucrase  activity  in  rimcosal  homogenataa  of  Cedac 
Maxwlngs  as  a function  of  aucroso  concentration,  vertical 
bars  give  SE.  Belative  sucrose  hydrolysis  was  calculated  from 
values  of  Vp,a>t  chat  were  independently  estimated  for  each 
intestinal  segment  and  each  bird.  The  curve  is  a Michaeiis- 


CHAPTER  3 

SUSAB  PREFERENCES  IN  HUMMINGBIRDS:  THE  INFLUENCE  Of  SUBTLE 
CHEMICAL  DIFFERENCES  ON  FOOD  CHOICE. 

In  Che  process  of  feeding  on  nectar,  hummingbirds 
transfer  pollen  from  one  flower  to  another  (Trelease  1S61) , 
Hummingbird  preferences  for  plants  producing  different  types 
of  nectar  can  result  In  changes  in  the  frequency  of  preferred 
neccar  in  plant  populations  (Baker  and  Hurd  1968).  Ecologists 
have  generally  assumed  that  the  diversity  of  rewards  that 
plants  offer  is  a reflection  of  pollinator  choice  (Bakes  and 
Hurd  1968;  Howell  1974),  but  there  are  few  data  demonstrating 
such  preferences  (see  Hainsworth  and  Wolf  1976  and  Stiles 

Neccar  is  a dilute  solution  of  different  sugars 

(Baker  and  Baker  1982a;  Hiebert  and  Calder  1983:  Fyke  and 
Waser  1981) . The  sugars  most  commonly  encountered  in  neccar 
are  sucrose,  fructose  and  glucose  in  varying  proportions 
(Percival  19611 . These  sugars  have  approximately  the  same 
energetic  content  per  unit  gram  (16.48X103  Joules/gram,  CRC 
Handbook  of  Chemistry  and  Physics  1979),  but  vary  in  their 
chemical  structure,  and  are  digested,  absorbed  and 
metaboll(Eed  along  different  pathways  by  vertebrates  (Aipers 
1987)  . The  distribution  of  sugars  in  the  nectars  of  plants 


of  the  diversity  of  regards  usually  assumed  to  be  molded  by 
the  preferences  of  pollinators.  Baber  and  Baker  (19831  have 
shown  chat  planes  pollinated  by  hummingbirde  produce  sucrose> 
dominant  (sucrose/ (glucosetfructose)  > 0,99)  or  sucrose-rich 
lO.S  < sucrose/ (glueosetfruocosel  < 0,99)  nectars.  Plants 
pollinated  by  -perching  birds’  (a  broad  category  Including 
passerines  of  many  Old  and  New  World  families,  Stiles  1981), 
in  contrast,  secrete  hexose-doninant  nectars  almost 
exclusively  (sucrose/ Iglucose+fructose)  < 0.1).  This  pattern 
has  not  received  an  adequate  evolutionary  explanation.  Here  I 


ine  the  sugar  preferences  of  hummingbirds  to  determine  i 
e preferences  can  indeed  explain  the  differences  in  suga 
Tg  these  two  groups  of  plants. 

The  effects  of  variation  in  energetic  content  on  food 
preferences  have  been  explored  in  detail  by  many  studies  Ise. 
Stephens  and  Krebs  1966  and  references  therein).  Effects  of 
Che  chemical  nature  of  different  energy  sources  on  feeding 


preferences  have  received  considerably  less  attention. 


however  (Speakmsn  1987).  Nectar-feeding  birds  and  the  sugars 
they  feed  on  are  one  of  the  simplest  natural  systems 
available  to  explore  Che  effects  of  the  chemical  structure  of 
food  on  feeding  choices.  Here  1 explore  the  effects  of  the 
subtle  chemical  differences  among  foods  of  equal  energetic 
concent  (the  sugars  sucrose,  glucose  and  fructose)  on  the 
preferences  of  hucimlngblrds,  the  most  specialised  group  of 
nectar-feeding  birds  (Stiles  1981), 


I will  describe  a secies  of  experinencs  conducted  to 
measure  Che  preferences  of  three  species  of  Mexican 


a 1:1  mixture  of  glucose  s 

whether  these  preferences 


fructose;  I wil 
1 be  altered  by 


fructose  and 


birds’  diets.  1 will  then  suggest  a set  of  hypothetical 
proximate  physiological  mechanisms  to  explain  the  preferences 
found,  and  describe  experiments  conducted  to  examine  them. 
Because  the  hypotheses  examined  in  the  second  section  depend 


results  of  the  two  sections  separately. 


I captured  eight  to  ten  birds  of  each  species  with  mist 
nets  in  the  vicinity  of  the  EstaciOn  de  Biologia  Charnels 
UHAM.  Jalisco,  Mexico.  Birds  were  housed  individually  ibO  X 
SO  X 50  cm  cages)  under  ambient  teicperature  and  photopeciod 
(except  during  excretion  measurements,  see  below)  in  a room 
illuminated  with  external  light  and  two  fluoreacent  lamps. 

vitamin  supplement  was  added  to  the  sueroae  solution  twice  a 
week.  Birds  were  provided  with  free-flying  fruit  flies  at  all 


.'SiiQflr 


E»c«rig«nijl  ratlnnai«  anfl  Mthodi 

With  few  escepflona,  hummingbirds  feed  predoninsncly  on 


1983] . Remsrbably  few  plants  produce  nectars  containing 
glucose  or  fructose  alone  <Ba)cer  and  Baker  1933)  . Thus,  1 
predicted  chat  the  preferences  of  hummingbirds  for 
equlcaloric  solutions  would  be  ranked  in  Che  following  order: 
sucrose>glucoserfruotose>single  heaosea (glucose  or  fructose). 

possible  pairwise  combinations  of  sucrose,  a 1:1  mixture  of 
glucose  and  fructose  (henceforth  called  hexoae  mixture). 


glucose  alone,  and  fructose  alone 

Two  sugar  solutions  (17,13,  wt/total  volume)  were 
presented  simultaneously  in  glass  tubes.  The  tubes  (internal 


cm  section  that  was  bent  upward  ac  a 45°  angle;  the  tip  of 
the  lower  section  was  capered  into  a hole  (internal  diameter 


aame  distance  (c.a.  30  cm.)  from  a single  perch  and  5 cm 
apart.  The  solutions  were  prepared  with  distilled  water  and 
reagent  grade  sugars.  Trials  lasted  4 h and  were  conducted 
from  0300  to  1200  and  from  1400  Co  IBOO.  AC  the  beginning  of 
each  trial  Che  position  of  the  tubes  was  randomised.  At  the 


calculated 


conauinpclon  of  eugar  A divided  by  total  consuinptlon  (A*B)  . 

I obtained  an  eatimate  of  mean  preference  uaing  6 birds  and  6 
replicated  trials  per  bird.  The  interlndlvidual  variance  in 
preference  (i.e.  the  variance  among  the  6 individual  means) 
was  used  to  construct  a confidence  i 


preference  of  each  species.  I used  this  confidence  interval 
to  test  the  null  hypothesia  that  preference  was  not 
significantly  different  from  0.5  (the  Indifference  point 
where  consumption  of  both  sugars  tested  is  egual)  using  one 
sample  t-tests  on  arcainV  transformed  preference  values. 

Many  hummingbirds  feed  on  hexoae-dominant  nectars  if 
these  are  available  (Stiles  1976;  Baber  and  Ba)cer  19B3;  6ryj 
et  al.  1990).  ThuSrin  the  field  the  sugar  composition  of  the 
current  diet  may  influence  the  preferences  of  hummingbirds  To 
examine  whether  shifting  diets  changed  the  preferences  of 
hummingbirds,  I fed  6 birds  of  each  species  a sucrose  diet 
for  20  days  and  obtained  an  estimate  of  their  preference  for 
sucrose  over  a hexose-mixture  (4  trials  per  bird) . The  same 
birds  were  then  fad  a hexose-mixture  for  20  days  and  re- 
tested (4  trials  per  bird) . I used  one-tailed  paired  t-tests 
to  detect  increases  in  the  preference  for  the  hexose  mixture. 


All  three  species  exhibited  the  following  ranking  in  their 
preferences : 

sucrose  > hexose  mixture  > solutions  of  single  hexoses 

This  ranking  is  the  one  predioted.  In  addition,  all 

3-1).  The  preference  for  the  hexose  mixture  did  not  increase 
significantly  when  the  maintenance  diet  was  changed  from 


a hexose  mixture  (Fig.  3-1).  In  fact,  the 


to  decrease  after  the  diet  change  (Fig.  3-11 . 


Dinestlon  of  Sugar.; 

Experimental  ratlonaie  and  Merhods 

Items  Of  identical  caloric  content  but  different 
chemical  composition  can  have  different  profitabilities  if 
they  are  assimilated  in  the  digestive  system  with  differing 
efficiencies  and/or  if  they  are  digested  at  different  rates 
and  hence  vary  in  the  digestive  "handling  time"  leguired  for 
assimilation  (Speakman  1387;  chapter  5|.  To  determine  if 

differences  in  digestive  processing,  I measured  the 
efficiency  with  which  hummingbirds  assimilated  sucrose, 
glucose  and  fructose,  and  compared  Che  time  required  to 


digestive  system. 


1 obtained  esticnatea  of  digestive  efficiencies  for 
sucrose,  glucose  and  fructose  by  measuring  apparent 
assimilated  mass  coefficients  (AHC’,  Karassv  1990)  in  24  h 
trials.  AMC*  was  calculated  as: 

AMC  - (dry  matter  inta)te-dry  matter  excreted)  / (dry  matter 


Because  endogenous  metaOolic  wastes  are  mixed  with  feces  in 
the  cloaca  of  birds,  AMC*  underesciraates  true  assimilated 
mass  coefficients  (Robbins  1983) . AHC*,  however,  permits  a 
comparison  of  assimilation  efficiency  among  different  sugars. 

Birds  were  fed  ad-libitum  with  sugar  solutions  (17.14) 
and  )cept  in  cages  with  plastic  sheets  lining  the  bottom.  Bach 
cage  had  a single  small  perch  (10  cm  of  length).  Plastic 
sheets  were  removed  and  excreta  were  collected  at  hourly 
intervals.  Most  of  the  excreta  produced  fell  directly  under 
the  perch  and  was  readily  collected  with  microcapillary 
tubes.  Losses  due  to  excreta  adhering  to  the  plastic  sheets 
were  minimited  by  frequent  collection  (1  h) . Birds  were 
deprived  of  fruit  flies  46  hours  before  each  experiment,  and 
to  avoid  contamination  from  the  previous  day's  diet,  birds 
were  fasted  overnight  and  for  an  hour  after  sunrise.  Test 
solutions  were  offered  one  hour  after  sunrise,  and  excreta 
were  collected  at  one  hour  intervals  until  sunset.  Excreta 
produced  during  the  night  was  collected  the  following 

day  and  all  excreta  produced  in  this  interval  were  collected. 


solucions 


Biaasured 


Pragesslfia  ;irr:6 

Diqeatlve  efficiencies  are  not  sufficient  to  predict  the 
rate  of  energy  Intake  from  digestion;  the  time  required  to 
process  the  energy  obtained  is  also  needed  (chapter  3) . 
Because  I found  no  differences  in  AMC”  (see  Besults),  I 
hypothesited  that  differences  in  processing  rates  could 
account  for  Che  preferences  found.  I predicted  that  the 
ranking  in  Che  time  used  Co  process  sugar  solutions  in  the 


Chemical  differences  among  sugars  and  their  possible 
account  for  this  ranking. 

The  hexoses  glucose,  and  fructose,  ace  transported 


across  the  intestinal  membrane 
(Sigrist-Nelson  and  Hopper  1974) , 
these  single  monosaccharides  that 
system  working  by  itself  should  t 
than  equicaloric  solutions  of  mi; 
two  independent  carrier  systems. 
Che  transport  < 

i intestinal  c 
tic  pressure  < 
of  glucose  ar 


Consequently, 

a absorbed  at  a slower  race 
lures  that  are  absorbed  by 

Ln  the  humsilngbicd  intestine 

In  the  intestinal  lumen  by 


equlcaloric 


delivery  of  food  from  che  crop  anc 

{Glbaon  et  al.  1966;  McHugh  ef  al. 
processed  at  a faster  sate  than  ar 
hexoses.  Sucrose  is  not  absorbed  j 


s In  che  intestinal  lumen 
3 ics  monosaccharide 


components  glucose  and  fructose  tAlpers  19B7) , The  osmotic 
hypothesis  assumes  that  the  limiting  step  in  the  absorption 
of  monosaccharides  from  sucrose  is  absorption  rather  than 
hydrolysis.  In  vitro  measurements  of  sucrase  activity  in 
hummingbirds  support  this  assumption  (chapter  SI. 

! compared  processing  t 

and  glucose  solutions  at  two  concentrations  (17.1 
34. 2t]  . As  a processing  time  index  (PTI)  I used  t 


reciprocal  of  the  rate  of  excretion,  because  the  time 
required  to  process  one  intestinal  volume  equals  the  ratio  of 
intestinal  volume/flov  rate  (Penry  and  Jumars  1987} . If 
intestinal  volume  remains  constant,  the  reciprocal  of 
excretion  cate  (an  index  of  intestinal  flow  rate)  measures 
the  time  required  to  process  each  volume  unit  of  digesta.  The 
rationale  and  shortcomings  of  using  PTI  are  discussed  by  Owen 


To  obtain  excretion  rates,  test  solutions  were  presented 
at  dawn  to  hummingbirds.  After  2-3  hours  of  feeding,  excreta 
were  collected  and  measured  in  microcaplllary  tubes  at  five 
minute  intervals  during  two  hours.  Excreta  were  collected  by 


£ach  S rainute-lntecval  measurenvert 
To  examine  differences 


individuals) . Because  I 
^ rur i la  individuals, 
using  one  way  analysis 


measured  excretion  rates  in  only  two 
: analyzed  each  individual  separately 
>f  variance  [24  replicates  per  sugar 


1 excretion  cate  experiments,  b 


Hummingbirds  digested  all  sugars  with  extremely  high  shd 
very  similar  efficiencies.  AHC'  for  all  sugars  was  2 974  in 
all  cases  [Table  3-2)  and  not  significantly  different  among 
sugars  (paired  t-tests,  p > 0.1)  . 


Prncesslna  times 

In  £*  latirostris  and  £*  canivet i 1 processing  time 
indices  were  significantly  different  among  sugars  at  both 

two  ^ rutile  individuals  tested  also  exhibited  significant 


differences  in  processing  time  indices  among  sugars  (Fig.  3- 
3| . Contrary  to  my  prediction,  a priori  t-contrasts  Indicated 
no  significant  differences  among  mean  pcoceasing  time  indices 


!.  Significant  differences 


between  glucose  and  both  sucrose  and  the  hexose  mixture  were 
found  in  all  but  one  experiment  (Fig.  3-3b) . As  predicted, 
huaimingbirds  take  longer  to  prooess  glucose  solutions  than 
either  hexose-relxtures  and  sucrose  solutions , 

Discussion 


The  sugar  preferences  of  humstingblrds  have  been  examined 
In  two  previous  studies  (Stiles  1976.  and  Hainsworth  and  Molt 
1976)  with  conflicting  results;  Stiles  (1976)  examined  sugar 
preferences  in  four  species  (ralvot.  anns.  .tel asnho-ts  rufin. 
AbChilBSaa  alexandri  and  Thalurania  furcat »l  and  found  that 
all  of  them  significantly  preferred  sucrose  over  equicalorlc 
solutions  of  single  monosaccharides.  When  sucrose  was  paired 
with  a mixture  of  glucose  and  fructose,  sucrose  was 
significantly  preferred  by  two  species  (£.  ann»  and  S_ 
but  one  species  lA.  aiexandr-ii  was  indifferent.  Thus. my 
results  indicate  strong  preferences  chat  agree  with  those 
presented  in  his  (Stiles  1976).  In  contrast,  Hainsworth  and 
Wolf  (1976)  found  no  strong  preferences,  and  argued  that  in 
hummingbirds  sugar  composition  has  little  effect  on  food 

bifferencea  in  test  choice  protocols  may  explain  the 
discrepancy  between  these  studies.  Stiles'  (19861  and  I 
exposed  birds  to  test  solutions  in  the  same  position  for 
relatively  long  periods  (12  and  4 hours  respectively), 
whereas  Hainsworth  and  Wolf  (1976)  alternated  the  position  of 


the  feeders  every  0.5  h.  Because  hummingbirds  taKe  a 
relatively  small  number  of  meals  in  0.5  h (2.S  to  <,5,  table 
v:  in  wolf  and  Kainsuorth  19771,  this  interval  may  be  too 
short  for  sampling  of  both  feeders  and  for  the  establishment 
of  clear  preferences . 

Combining  results  from  this  study  with  those  of  Stiles, 
hummingbirds  appear  to  show  weak  preferences  among  sugars  in 
exposure  tests,  but  strong  prsferences  in  long  exposure 
tests.  In  long  exposure  tests  the  preference  ranking  of 
sugars  in  five  species  of  hummingbirds  is: 
sucrose  > mixture  of  hexoses  > glucose  > fructose 
(Stiles  1976,  this  study).  One  species  (i^.  xievxndri  i 
deviates  from  this  ranking  in  that  it  appears  to  show  no 
prefersnoe  for  sucrose  over  mixtures  of  glucose  and  fructose. 

The  preference  that  hummingbirds  show  for  different 
sugars  contrast  with  those  exhibited  by  Cedar  Maxwlngs 
lacmbyni  1 M cedrnr-.nni  and  European  Starlings 
Mllgaria) . These  two  passerines  strongly  prefer  mixtures  of 
glucose  and  fructose  over  sucrose  (Martinet  del  Rio  and 
Stevens  1909;  chapters  1 and  2),  The  variation  in  sugar 
preferences  among  bird  species  indicates  that  the  sugars 
sucrose,  glucose,  and  fruecosa,  are  not  equivalent  for 
different  speciea  of  birds  even 
chemically. 


Chcugh  they 


The  preingestion  handling  time  of  sugar  solutions 
depends  on  nectar  viacocity  and  surface  tension  (Py)ee  and 
Maser  1901;  Klngsolver  and  Daniel  1903)-  In  the  range  of 
concentrations  used  in  these  preference  tests,  the 
differences  among  sucrose,  glucose  and  fructose  solutions  in 
viscosity  and  surface  tension  are  extremely  small  and  have 
little  effect  on  the  rate  of  intake  (Heyneman  1903).  Hence, 
pre-ingestion  handling  times  ate  unlikely  to  generate 
differences  in  profitabilities  that  can  account  for  the  sugar 
preferences  exhibited  by  hummingbirds. 

I hypothesised  that  post-ingeational  variation  in  the 
digestion  and  absorption  of  different  sugars  by  hummingbirds 
could  explain  their  preferences.  I was  unable,  however,  to 
find  differences  in  the  efficiency  with  wt 


assimilated  different  sugars.  Hummingbirds  assimilated 
sucrose,  glucose  and  fructose  with  the  same  and  extremely 
high  efficiency  {see  also  Kainsworth  1974) . I was  also  unable 
to  find  differences  between  the  rate  at  which  hummingbirds 
processed  sucrose  and  1:1  mixtures  of  glucose  and  fructose 
solutions  in  the  digestive  system.  Apparently  the  preference 

be  explained  by  differences  in  processing  race  in  the 


digestive  system- 

Hummingblrds  processed  glucose  solutions  at 
significantly  slower  rates  than  solutions  of  sucrose  and  1:1 


mixtures  of  glucose  and  fructose.  This 


is  consistent 


with  the  existence  of  two  independent  transport  systems  for 
glucose  and  fructose  in  the  small  intestine  CSigrist-Nelscn 

(glucose  or  fructose)  that  are  absorbed  by  a single  system 
working  by  itself,  should  be  absorbed  at  a slower  rate  than 
equicaloric  solutions  of  1:1  mixtures  that  ace  absorbed  by 
two  independent  carrier  systems  working  simultaneously. 
Sucrose  and  hexose  mixture  solutions  probably  have  higher 
profitabilities  for  hummingbirds  than  solutions  of  single 

over  fructose  (see  also  Stiles  1976) . Cedar  waxwings  also 
preferred  glucose  over  fructose  (chapter  2),  suggesting  the 
hypothesis  that  this  preference  may  be  widespread  among  birds 
The  metabolic  responses  of  animals  to  glucose  and  fructose 
meals  are  very  different  and  may  explain  the  preference  of 
birds  for  glucose  over  fructose.  Tructose  meals  can  be 
followed  by  hypoglycemia  (Roudybush  197D;  Shafir  1995)  and 

cannot  be  oxidised  by  the  brain  (Oldendorf  1971) . Glucose 
meals,  in  contrast,  cause  post-prandial  hyperglycemia 
(Hazelwood  1966)  and  glucose  freely  crosses  the  blood-brain 

efficient  than  fructose  at  stimulating  the  cerebral 
chemoteeeptors  responsible  for  suppresing  hunger  (Strieker 
and  Rowland  1976;  Strieker  et.  al  1977) . Thus,  the 
preferences  of  birds  for  simple  sugars  may  be  influenced  by 


physiological  events  that  occorr  after  sugars  are  tasted, 
ingested  and  absorbed  in  the  digestive  system. 


whu  do  HumminaKirds  Prefer  Sucrnse? 

A digestive  mechanism  seems  an  unlikely  explanation  for 
the  preference  of  hummingbirds  for  sucrose  over  mixtures  of 
glucose  and  fructose.  Sucrose  and  1:1  hexose  mixture 
solutions  appear  to  be  egually  profitable  and  to  cause 
similar  post-prandial  physiological  effects  in  hummingbirds. 


cannot  give  a satisfactory  answer  to  this  question.  The 
ingestion  of  sucrose  vs  hexoses  may  have  physiological 
consequences  chat  are  not  reflected  in  food  processing  t 
In  addition,  sugar  choice  may  be  Influenced  by 
behaviorai/ecological  processes  that  occurs  in  the  field 


where  I conducted  Che  preference  tests.  The  previous  feeding 
history  of  wild  caught  hummingbirds  may  Influence  their 
feeding  choices  in  the  laboratory.  Studies  on  the  feeding 
preferences  of  a variety  of  vertebrates  and  invertebrates 


have  indicated  that  foods  experienced  early  in  life  are 
preferred  over  those  experienced  later  {Bronstein  et  al. 
1915;  bethier  and  Goldrich  1971:  Hess  1994).  Hess  (1994)  has 
called  this  phenomenon  "food  imprinting".  Perhaps  nestling 
hummingbirds  become  "imprinted"  to  the  sucrose-rich  nectars 
regurgitated  by  their  mothers  (Diclrey  1915;  Bent  1964; 
Carpenter  and  Castronova  1980), 


I accempted  unsuccessfully  to  cevecse  the  pteferencos  of 

diet/  a hexose  mixture.  My  results  attest  more  to 
the  strength  of  the  preferences  of  humnilngbirds  than  to  their 
lability  (see  Fig.  1-3  and  Stiles  ISTf) . 

The  general  pattern  that  hummingbirds  feed  on  sucrose- 
rich  flowers  has  exceptions.  X few  species  (e.g. 

Epnstantll  and  flaarilia  vigllnepn  in  the  tropical  deciduous 
forests  of  Western  Mexico)  seem  to  feed  predominantly  on  the 
hexose-dominant  nectar  of  bat  pollinated  flowers  <e.g.  Aoxye 
aj2B.  Psaudahnmhns  aes,  Celba  £pb..  Baker  and  Baker  19B3)  . The 
sugar  preferences  of  these  species  are  unknown. 


Hummingbird  pollinated  plants  produce  nectars  with  a 
high  proportion  of  aucrose,  whereas  passerine  pollinated 
plants  secrete  nectars  with  a balanced  mixture  of  glucose  and 
fructose,  and  extremely  low  amounts  of  sucrose  (Baker  and 
Baker  1982a,  1983).  Martinez  del  Rio  and  Stevens  (1989) 
hypothesized  that  the  preferences  of  birds  are  the  selective 
pressure  responsible  for  maintaining  the  sugar  composition  in 
the  rewards  Chat  plants  offer.  I have  argued,  however,  that 
sucrose  and  hexose  mixture  solutions  appear  to  be  equally 
profitable  for  hummingbirds . Maybe  plants  play  a more 
important  role  than  it  has  been  recognized. 


Sucrose  is  the  inajor  farsi  in  which  energy  Is 
translocated  in  most  plant  species  (Hawker  19851,  and  it  is 
probably  cheaper  for  plants  to  secrete  sucrose  directly  from 
the  phloem  than  to  hydrolyre  it  in  the  nectaries  into  glucose 
and  fructose  (Frey-Hyssling  1955).  It  is  likely  that  in  the 


producing  phenotypes  are  advantageous.  Hummingbirds  are 
perhaps  Che  most  specialized  nectar-feeding  birds  (Stiles 
1981),  and  their  digestive  systems  are  extremely  well  suited 
to  digest  and  absorb  a sucrose  diet  efficiently-  Hummingbirds 
have  the  highest  rates  of  carrier  mediated  intestinal  glucose 
transport  reported  among  vertebrates  (Karasev  et  al.  1986) 
and  their  rates  of  intestinal  hydrolysis  of  sucrose  are 
extremely  high  (chapter  9).  These  digestive  traits  allow  them 
to  use  sucrose  as  efficiently  as  hexose  mixtures.  The 
digestive  adaptations  of  hummingbirds  allow  hummingbird- 
pollinated  plants  to  secrete  sucrose  dominated  nectar. 
Passerine-pollinated  planes,  in  contrast,  are  visited  and 
pollinated  by  a diverse  group  of  relatively  unspecialized 
species  (GryJ  et  al.  1990;  (Jacloy  and  Skead  1972;  stiles 
1981),  some  of  which  cannot  use  sucrose  as  efficiently  as  the 
readily  assimilable  monosaccharides  glucose  and  fructose.  In 


these  plants  the  presence  of  sucrose  in  nectsr  can  act  as  a 
floral  filter  that  excludes  valuable  potential  pollinators. 
The  distribution  of  floral  nectar  si 
pollinated  plants  appears  to  be  the  result  c 


evolutionary  response  of  plants  to  two  sets  of  pollinators 
with  contrasting  degrees  of  digestive  specialization. 


Fig.  3-2.-  Processing  tines  (PTI)  for  different  sugars  at  two 
different  eoneencrations ; 17. 1»  (a)  and  34.2%  (b) . A 
randoinized  block  design  with  24  replicates  per  bird  {5  c-.. 
latirosn-i.^  end  4 C.  ganiu»i-i  1 1 »as  used  to  examine 
differences  among  sugars.  Bars  are  means  and  error  bars  are 
33%  confidence  intervals.  The  lines  above  the  bars  join  means 
Chat  are  not  significantly  different  at  the  0.05  level  (a 
priori  t-concrasca) . S ■ sucrose.  G*F  ■ 1:1  glucoae*frucCose 
mixture.  G - glucose. 


CHAPTER  4 

DIETAfiV,  PHXIOCESETIC  AND  ECOLOGICAL  CORRELATES  OF 
SUCRASE  AND  MAITASE  ACTIVITY  IN  BIRDS 


INTESTINAL 


Birds  vary  in  the  types  and  amounts  of  carbohydrates 
that  they  Ingest. To  be  asslnilatedf  many  carbohydrates  have 
to  be  first  hydrolysed  by  pancreatic  enzymes  Into 
disaccharides  (Alpers  19B1) . Disaecharldes  are  not  absorbed 
as  such  by  the  intestine,  and  hence  have  to  be  hydrolyzed 
into  their  component  monosaccharides  by  intestinal 
disaccharidases  (Semenra  and  Corcelli  198S) . The  main  theme  I 


address  here  is  the  variation 


activity  and  affinity  of 


two  disaccharide-splitting  enzymes  among  bird  species: 
sucrase-isomaltase  and  maltase.  Sucrase-isomaltase  is  a non- 
specific ensyroe  which  hydrolyzes  sucrose  into  glucose  and 
fructose.  It  also  hydrolyzes  maltose  and  isomaltose  (the  main 
products  of  starch  digestloni  into  glucose.  Haltase 


hydrolyzes  primarily  maltose 


1 compare  the  intestinal  enzyme  activities  of  three 
species  of  hummingbirds,  almost  exclusive  nectar-feeders, 
with  those  of  eleven  passerine  species  chat  span  a wide 
range  of  dietary  habits  (table  4-1) . I chose  to  use 
hummingbirds  as  the  focus  of  this  comparative  study  because 
they  have  high  energetic  demands  that  must  be  met  by  high 
rates  of  energy  assimilation  (Halnsworch  1981,  Karssov  et  al. 
1986).  Martinez  del  Rio  and  Stevens  (1989)  have  suggested 


sugar  preferences  of  poUlnators 


dispersers 


may  be  correlated  with  the  sugar  composition  of  the  nectars 
and  fruit  pulp  that  they  consume;  and  that  the  preference 
betueen  sucrose  and  the  hexoses  glucose  and  fructose  may  be 
mediated  by  Intestinal  sucrase  activity.  Hummingbirda  are 
important  pollinators  of  a variety  of  plants;  therefore, 
their  digestive  physiology  may  influenoe,  and  be  influenced 
by  the  chemical  characteristics  of  the  nectar  that  plants 


The  specific  questions  I examine  here  are;  Do  different 
species  of  birds  feeding  on  their  natural  diets  vary  in 
sucrase  and  maltase  activity  and  in  the  affinity  of  sucrase 
for  its  substrate?  Is  there  an  allometrlc  relationship 
between  body  mass  and  sucrose/maltoae  hydrolysis  capacity  aa 
has  been  postulated  by  Katasov  et  al.  (1905)  for  intestinal 
glucose  uptake  capacity  and  body  weight  for  vertebrates? 
Since  the  sucrase^isomaltase  complex  has  maltaae  activity 
(Noren  et  al.  1986),  is  there  a correlation  between  sucrase 
and  maltase  activities?  Is  the  relationship  between  maltase 
and  sucrase  different  between  hummingbirds  and  pasaerines? 


Girds  were  captured  w 
aiologia  Chamela  (Jaliaco. 
They  were  captured  both  in 


Ith  mist  nets  at  the  SstaciOn  de 
Mexico,  19®30'N  and  lOS^OS'  H)  . 
the  dry  deciduoua  forest  that 
! more  humid  subdeciduous  forests 


that  border  beds  of  dry  stri 
were  captured  during  August 


ravines . Hummingbirds 
1 kept  in  captivity  for  at 
1 cages  under  natural 


temperature  and  photoperlod.  They  were  provided  with  17.21 
(wt/wt)  sucrose  solutions  (commercial  grade!  and  fruit  flies 
ad  libitum.  Passerines  were  captured  during  Oetober-Kovember 
1908.  Relevant  information  on  the  natural  history  of  each 
species  included  in  this  study  la  provided  in  table  «-l. 


Birds  were  anesthetised  using  metaphane  and  killed  after 
the  small  intestine  was  excised.  Passerines  were  killed 
within  2-3  h of  capture.  Small  intestines  were  immediately 
chilled  in  lee-eold  1.021  saline  and  divided  in  three 
sections  of  equal  length.  Each  tissue  section  was  silt 
longitudinally,  unfolded  flat  on  a piece  of  paper  and  its 
outline  was  traced.  The  tissue  was  Chen  blotted,  weighed  and 
stored  in  liquid  Nj-  estimate  of  the  nominal  area  of  each 
section  of  intestine  was  obtained  from  the  traced  outline. 

1 assayed  disaccharidaae  activities  by  colorimetry 
(Dahlqvlsc  1904).  Prior  to  enzyme  assays,  tissues  wore  thawed 
at  21-23C  and  homogenized  [0.03-0.09  g tissue  per  ml  1.021 
saline)  for  30  sec  with  an  Ultra  Turrax  homogenizer  (mod.  SDT 
1810,  2000  rpm) . The  reaction  was  started  by  adding  100  pi  of 
tissue  homogenate  (diluted  with  1.02%  saline!  to  100  pi  of 
sucrose  or  maltose  stock.  Sugars  (Contaminant-free  sucrose 
and  maltose.  Sigma  Chemical  Co.)  were 


dissolved 


maleace/hydroxyde  buffer  ac  a concentration  and  pH  that 
varied  depending  on  experimental  conditions.  After  incubation 
at  40*C  for  10  nln,  3 ml  atop/develop  reagent  stock  was 
added.  The  stop/develop  reagent  was  made  by  dissolving  one 
bottle  of  "Glucose  (Trinder)  315-500"  reagent  powder  (Signs 
Chemical  Co.,  St.  Louis  Mo.)  in  250  ml  1.0  M Tris/HCl  (pH 
T.O)  plus  250  ml  0.5  M phosphate  buffet  (SaHjPO^/HajHPOe,  PH 
1-0) . Blanks  were  prepared  by  separately  incubating  100  pi 
tissue  homogenate  at  40'C  for  10  min,  after  which  ti.me  100  pi 
of  disaccharlde  stock  plus  3 ml  of  stop/develop  reagent  was 
added.  The  arrested  reactions  were  then  allowed  to  stand  at 

measured  at  505  nm  using  a Sequoia-Turner  390  digital 
spectrophotometer.  Glucose  standards  (0-120  pg  in  300  pi  of 
0.1  M sodium  maleate  buffer.  pH  6.0)  were  also  similarly 
reacted  with  the  stop  develop  reagent-  Based  on  absorbance 
cneasurements,  sucrase  and  maltase  activities  were 
subsequently  calculated  as  pinoles -min"! - (cm2  nominal 


1 did  not  follow  the  traditional  practice  of 
standardising  Intestinal  disaceharidaae  activities  by  mg  c 
mucosal  protein  (Oahlqvlsc  1960) . Instead,  I standardized 
Intestinal  dlsaccbatidase  activities  by  intestine  nominal 
area  (cm2)  an^  tissue  wet  weight  (mg).  This  unorthodox 
standardization  procedure  was  used  because  preliminary 


experijnents  indicated  that  subatanclal  activity  was  lost  In 
Che  process  of  scraping  the  intestinal  mucosa  with  a glass 
slide,  this  being  the  standard  procedure  for  obtaining  mucosa 
samples-  loss  was  especially  noticeable  in  small  birds  (Ofl 
g) . Measuring  entyme  activity  from  samples  of  scraped  mucosa 
would  have  led  to  underestimation  of  total  hydrolysis 
capacity-  nominal  area  and/or  mg  of  wet  tissue  are  eommonly 
used  to  standardize  intestinal  glucose  uptake  rates  (Karasov 
and  Diamond  1963)-  Using  Che  same  parameters  to  standardize 
uptake  and  hydrolysis  races  permits  comparison  of  two 
digestive  processes  that  are  functionally  and  structurally 
related  (Ugolev  19B7;  chapter  5) - Karasov  (1988)  discusses 
the  advantages  and  disadvantages  of  the  use  of  different 
standardization  procedures  in  the  study  of  intestinal 
nutrient  uptake - 


Standardized  enzyme  activities  of  each  Intestinal 
section  were  obtained  by  dividing  enzyme  activity  by  th 
nominal  area  or  wet  mass  of  the  section 
enzyme  activities  found  in  the  three  intestinal  s 
used  as  an  index  of  total  hydrolytic  capacity  A single 
number  estimate  of  hydrolysis  per  unit  nominal  area  (average 
enzyme  activity)  was  used  to  compsre  enzyme  aecivlcies  across 
species-  This  variable  was 
enzyme  activity  by  total  no 
intestine  - 


calculated  by  dividing 


d Sufra..  »<■'.. w 


In  the  deteritilnation  of  pH  optima  I used  tissue  pooled 
from  the  three  sections  of  the  intestine,  and  a 0.05  H 
maleate/sodiuin  hydroiyde  buffer  system  ulth  pHs  tanging  from 
5 to  1.5.  All  subsequent  eieasurenents  of  naltase  and  sucrase 
activity  were  done  at  the  optimal  pH  (to  the  nearest  0.5)  of 
each  species.  Heasurenents  of  maltase  and  sucrase  activity  in 
the  three  different  sections  of  the  intestine  were  done  at  a 
fixed  substrate  concentration  (0.028  M,  Bahlqvist  19S8) . 
Kinetic  parameters  of  sucrase  were  obtained  from  tissue 
pooled  from  the  three  sections  of  the  Intestine,  and  were 
measured  at  sucrose  concentration  varying  from  0.005  M to 


Bata  Analvsi.1 

Results  are  given  as  means  ± SS  (n  * number  of 
individuals  or  species) . Maximal  sucrase  hydrolysis  rates 
^’^max*  hnd  the  apparent  binding  constants  for  sucrase  (Km“, 
the  concentration  of  substrate  at  which  the  rate  of 
hydrolysis  equals  V„a;,/2)  were  obtained  using  a nonlinear 
Gauss-Newton  routine.  Sucrase  )iinetie  parameters  were 
estimated  separately  for  each  individual.  Standard  least 
squares  methods  were  used  to  estimate  parameters  of  linear 
regressions.  Correlation  analysis  was  performed  using 
product-moment  and  Spearman  rank  coefficients  of  correlation. 
I used  product-moment  coefficients  of  correlation  as 


indicators  ot  goodness  of  fit  of  nonlinear  functions  but  did 
not  perform  inferential  statistics  on  them. 


Sucrase  and  msltase  activities  standardised  by  intestine 
nominal  area  lcm2|  and  wet  mass  of  tissue  (mgi  -ere  tightly 
correlated  with  each  other  in  a linear  fashion  both  within 
10,96  < r < 0.98  for  all  species,  Fig.  4-la>  and  among 
species  (r  - 0.99,  P < 0.001,  n - 14  spp,  fig,  4-lb).  In  the 
results  presented  below  I will  standardise  enzyme  activities 
by  intestine  nominal  area  . 


Sucrase  pH  optima  were  highly  variable  among  species, 
ranging  from  less  or  equal  than  5.0  in 

to  6.5  in  hummingbirds  (Fig.  4-8),  Species  with  low  average 
sucrase  activities  tended  to  have  lower  sucrase  pH  optima 
than  those  with  high  average  activities,  as  shown  by  the 
significant  positive  correlation  between  pH  optima  and 

little  Interspecific  variability  (ranging  from  5,5  to  6). 
Maltase  pH  optima  and  average  activity  were  not  significantly 
correlated  (tj  ■ 0-19B,  P > 0.5,  n - 14  spp) . 


All  species  showed  maltase  activity  but  in  widely 
varying  amounts  (Appendix  4-1,  4-II) , Average  sucrase 


activity  was  highest  among  hummingblras  and  barely 
detectable  (average  activity  < 0.0(35  ^J^lole/ (min . cn2)3  in  two 
species  of  muscicapids  , Tu r-dus  rnfopal  l lacus  and  Carharn.q 

activities  varied  relatively  little  within  species 
(coefficient  of  variation  < 25»),  but  were  very  variable 
among  species.  There  was  considerable  variation  in  enzyme 
activity  within  restricted  taxonomic  groups  such  as  families 
or  subfamilies.  Among  Emberizidae  and  Tyrannidae  average 
sucrase  activity  varied  6 and  4.6  fold,  respectively 
(Appendix  4-It  . The  three  hummingbird  species,  in  contrast, 
showed  no  significant  differences  (ANOVA,  F 2,  10  ■ 0.91,  P > 


Enzyme  activity  v 


distally  i 


f position  along 

. Both  sucrase  and  maltase  activity  decreased 
Li  species  (figs.  4*0a,  4*0b).  Only  sucrase  is 
shown  in  these  figures  because  maltase  and  sucrase  activities 
were  tightly  correlated  (see  below) , 

Summed  maltase  and  sucrase  activities  were  positively 
correlated  (r^  - 0.60,  P < 0.01,  n ■ 14  spp.  Fig.  4-4a)  . The 
correlation  coefficient  was  substantially  increased  when  only 
passerines  were  included  in  the  analysis  (r^  - 0.90,  F < 
0.001,  n w 13  spp) . The  slope  of  the  relationship  between 
suiTimed  maltase  and  summed  sucrase  activities  appears  to  be 

sample  size  of  hummingbird  species  is  small,  I refrained  from 


using  inferential  statistics 


The  difference  between  huitmingblrds  and  passerines  In  the 
relationship  of  maltase  and  sucrase  activities  was 
accentuated  when  activity  was  standardised  by  intestinal 
nominal  area  (Fig.  4-4b) . Among  passerines,  average  sucrase 
and  maltase  activities  were  highly  and  linearly  correlated  (r 
■ 0-95,  n - 11  spp,  , p < 0.001,  tig  <-4bl . 


■e  activity  and  body  mass  were  not 
significantly  correlated  (r*  • 0.033,  p > 0.5,  n ■ H spp). 
The  correlation  coefficient  increased  slightly  when  the  two 
species  with  trace  amounts  of  sucrase  activity  it 
ru.opa  L liatuff  and  ^ auranr  j icosr  ri hi  were  deleted  from  the 
sample,  but  the  correlation  remained  non-  significant  (t*  - 
0.22,  P > O.S,  n - 12  spp) . Summed  maltase  activity  was  not 
significantly  correlated  with  body  mass  when  all  species  were 
included  in  the  anslysis  (rj  - 0,45,  p > 0.1,  n - 14  spp). 

The  correlation  coefficient  increased  substantially,  however, 

from  the  analysis  (Cg  - 0.71,  p < 0.01,  n - 12  spp).  The 
relationship  between  summed  maltase  activity  and  body  mass 
appears  to  be  better  described  by  a power  (r  • 0.76,  Fig.  4- 
5)  rather  than  a linear  relationship  (r  ■ 0.711. 


f concentrations  s 


sucrose  hydrolysis  exhibited  saturable  )ilnetles 


adequately  described  by  Mlchaelis-Menten  functions  (the 
coefficient  of  correlation  for  individual  birds  ranged  from 
0.9S  to  0-99,  Fig.  4-6).  The  value  of  K^*  spanned  an  order  of 
magnitude,  from  4.2  to  39.8  mH  (appendix  1-4).  The  highest 
Km'  values  (lowest  apparent  affinities!  were  found  among 
hummingbirds,  and  the  lowest  in  £.  dlffien,-,.  Maximal 
sucrose  hydrolysis  rates  (Vm^„)  varied  among  species  by  two 
orders  of  magnitude  (from  0.090  to  9.47  (teoie/ (min , cm^ 
nominal  area)),  Vmjj,  and  Km*  were  positively  correlated 
across  species.  The  relationship  between  these  variables  was 
nonlinear  and  adequately  described  by  a power  function  (r  - 
0.97,  n - 14  spp,  fig.  4-7). 


laterapnri fi,c  vnnnrlnn  In  Siirrasr  and  Mairase 
Hummingbirds,  among  the  smallest  endothermic  vertebrates, 
visit  flowers  using  hovering  flight  and  are  exclusively 
diurnal  (Wolf,  Hainsworth  and  Sill  1975).  These  three 
characteristics  impose  relatively  high  energetic  demands  that 
can  only  ba  satisfied  with  high  rates  of  energy  intahe  and 
assimilation  (Kerasov  et  ai_  i986)  . The  intestinal  rates  of 
glucose  carrier-mediated  uptake  of  hummingbirds  are  the 
highest  measured  in  vertebrates  (Karasov  at  ai.  1986) . 


Hummingbirds  feed  on  nectars  that  are  extremely  rich  in 
sucrose  (Ba)ter  and  Ba)ier  1903),  and  appear  to  prefer  sue 
over  hexose  solutions  (Stiles  1976,  chapter  3).  Sucrose 
hydrolysis,  therefore,  is  an  important  component  in  the 


digestion  process  of  hummingbirds.  Indeed,  hummingbirds  show 
maximal  average  races  of  sucrose  hydrolysis  that  are  2 to  118 
times  higher  than  chose  found  in  che  S species  of  passerine 
birds  having  euerase  activity.  The  high  sucrase  activities  of 
hummingbirds  suggest  a dietary  component  In  the  interspecific 
variation  in  sucrase  activity. 

Dietary  habits  appear  also  to  bo  a determinant  of 
sucrase  activity  within  uniform  taxonomical  groups  of 
passerines-  Among  tyrant  flycatchers  (Tyraonldae) 
ailf ini  1 1 s is  almost  completely  insectivorous  and  has  lower 
average  sucrase  and  maltase  activity  than  the  omnivorous 

emberltids,  sucrase  activity  varies  considerably,  even  within 
a single  subfamily  (Iccetinae)  or  a single  genus  (Icifitua) - 
Because  the  feeding  habits  of  the  emberizids  studied  are 
guite  generalised  and/or  poorly  Xnown,  it  is  difficult  to 
generalize  trends  in  this  taxon.  It  is  noteworthy,  however, 
that  the  highest  average  sucrase  activity  was  found  in  1. 
SBUriUiT,  a notorious  nectar  robber  of  plants  pollinated  by 
hummingbird  and/or  large  bees  (e.g.,  wa 


I Ervthrlna  cmralolH.a- 


, Morton 


Two  muacicapid  species  lacked  significant  sucrase 
activity.  Lack  of  sucrase  activity  In  birds  hss  been  reported 
for  species  belonging  to  three  families  that  are  closely 
related  according  to  Sibley,  Ahlguist  and  Monroe  (1988, 
Huscieapidae,  this  report  and  Turdu.s  mieratori . Karasov  and 


Levey  1990i  Sturnldee,  s;ur-m«  vnin»-- » Marcinei  del  Rio  and 
Stevens  1989;  and  possibly  Minidas,  Sumer.:  i.  remi  -re-r . . 
Karasov  and  Levey  1990).  Thus,  the  interspecific  variation  In 
intestinal  suerase  activity  in  birds  seems  to  have  a 
phyl09enetic  component  in  addition  to  the  dietary  component 
discussed  above.  Only  further  comparative  wor)c  will  reveal 
the  relative  contribution  of  feeding  habits  and  phylogenetic 
constraints  to  the  variation  of  suerase  activity  among  birds. 
The  activity  of  intestinal  diaaceharidases  in  mammals  appears 
to  be  broadly  correlated  with  feeding  habits  (Vonh  and 
Western  1984),  even  among  populations  of  a single  species 
(see  Ktetchmer  1901  for  a review  of  examples  among 
populations  of  Hnmn  sanienrl , 

With  the  exception  of  captive  hummingbirds,  cne  birds 
used  in  this  study  were  feeding  on  natural  (and  largely 
ts  before  enzyme  measurements.  Hence,  it  is 


difficult  t 


e differences  found  reflect 


interspecific  genotypic  variation  or  airaply  dietary 
acclimation  to  differing  diets  In  the  period  prior  to 
capture-  In  chapter  1 I demonstrated  large  differences  in 
aucrase  activity  among  three  species  of  birds  maintained  o 
in  suerase  activity, 
genotypic  component.  Many 


identical  diets.  The 
therefore,  is  lihely 
species,  Including  ma 


acclimation  t 
Koldovs)cy  anc 


id  Gfllluff  callus; , exhibit  clear 
dietary  carbohydrate  levels,  however  (Sell, 
:eid  1980).  Research  with  captive  biro  species 


fed  diets  of  Icnown  nutrient  compos  it  Ion  can  help  to  elucidate 
the  Interaction  between  dietary  acclimation  and  genotypic 
determination  of  intestinal  disaccharidase  activity  (see 
Rosensweig  and  Herman  1969;  Buddington  1981)  . 

The  tight  linear  correlation  between  maltase  and  sucrase 
activity  in  passerines  is  probably  a result  of  maltase 
activity  in  the  sucrase-isomaltaae  enzyme  complex  (Sjdstrom 
et  al.  1980) . In  passerines,  as  in  many  other  vertebrates, 

Che  maltase  activity  of  this  enzyme  complex  constitutes  an 
important  portion  of  total  intestinal  maltose  hydrolysis 
(Noren  et  al.  1986),  In  consequence,  birds  with  very  low 
sucrase  activities  seem  to  be  relatively  poor  hydrolyzers  of 
maltose , 

Some  of  the  bird  species  reported  as  poor  sucrose 
digesters  include  considerable  quantities  of  fruit  in  their 
diets  (e.g.  vulBhiiS,  mlaratorlus.  X.  rufoealliatus  and 
caroiiinensis.  Martin,  8im  and  Nelson  1951),  Thus,  the 
ability  to  digest  sucrose  and  complex  carbohydrates 
efficiently  is  not  an  essential  requirement  for  avian 
frugivores  (chapter  2;  Martinez  del  Rio  and  Stevens  1989)  . 

Hummingbirds  and  passerines  exhibit  clear  differences  in 
Che  relationship  between  maltase  and  sucrase  activities  (Fig, 
4-9),  To  examine  these  differences,  it  is  useful  to  consider 
that  average  maltase  and  sucrase  activities  are  related  by  a 
linear  function  in  passerines  (Fig.  4-4b) . The  intercept  of 
this  function  is  significantly  different  from  0 (c  ■ 2.35,  p 


the  absence  of  sucrase  activity.  The  value  of  the  intercept 
represents  the  intestinal  levels  of  a maltase  that  is 
independent  of  the  suorase-iaoraaltase  complex  (Serensen  et 
ai,  1932).  The  slope  of  the  relationship  between  maltase  and 
sucrase  activities  is  an  estimator  of  maltase  activity  per 
standardised  unit  of  Che  suorase-isomaltase  complex.  Because 
Che  slope  of  the  maltase-sucrase  relationship  is  lower  in 
hummingbirds,  this  interpretation  suggests  Chat  the  sucrase- 
isomalcase  complex  of  hummingbirds  has  less  maltase  activity 
than  that  of  passerines,  without  more  comparative  data,  it  is 
difficult  to  determine  if  this  difference  between 
hummingbirds  and  passerine  birds  results  from  evolutionary 
adaptation  to  dietary  differences  or  Co  phylogenetic 
affinities . 


A linear  relationship  between  maltase  and  eucrase 
aetivilies  is  not  exclusive  of  passerine  birds.  Reanalysis  of 
previously  published  date  sets  suggests  that  the  relationship 
holds  inter-  (12  species,  Welsh  and  Walker  1973)  and 
incraspecifieally  for  primates  la.  iaeieaa,  Bosensweig  and 
Herman  1969)  and  non-passerine  birds  (tL  aAiiaeaia,  Sell  et 
al.  1988)  . The  slope  of  the  relationship  between  jiialtase  and 
sucrase  activities  varies  considerably  among  groups  (table  2- 
4).  This  variation  suggests  that  among  vertebrate  species  the 
sucrase-lsomalcase  complex  varies  in  its  maltase  activity. 

Several  authors  have  used  constancy  in  the  ratios  of 
intestinal  disacoharldases  as  evidence  for  or  against 
functional  relationships  among  different  molecular  forms  with 


disaccharldase  activity  (Rubino,  Zimbalattl  and  Auriehio 

Melab  and  Walker  1973,  Sell  et  al.  1986,.  The  existence 
of  a positive  intercept  in  the  relationship  between  the 
activities  of  two  "functional"  enzymes  precludes  the  use  of 
activity  ratios  for  comparative  purposes  (see  Packard  and 
Boardroan  (1987,  for  a cautionary  note  on  Che  use  of  ratios  in 
comparative  studies). 


Summed  sucrose  and  maltose  hydrolysis  races  show  no  or 
relatively  weak  allometrlc  trends  with  body  mass.  Summed 
hydrolysis  rates  result  from  the  integration  of  intestinal 
nominal  surface  area  and  area-specific  rates  of  hydrolysis. 
The  lack  of  a clear  relationship  between  body  mass  and 
hydrolysis  races,  therefore,  can  result  from  variation  in 
nominal  intestinal  surface  area  among  birds  of  similar  masses 
or  from  variation  in  area-specific  rates  of  hydrolysis  of 
birds  with  similar  body  masses  and  intestinal  surface  areas. 
Among  the  14  species  of  birds  included  in  this  study  there  is 
a very  tight  power  relationship  between  body  mass  and  nominal 
intestinal  area  (cm^  nominal  area  ■ 0-66  [grams] -81.  r . 
0.99) . Hence,  the  lack  of  significant  ailometric  trends  In 
intestinal  hydrolytic  activity  appears  to  be  a result  of  high 
interspecific  heterogeneity  In  hydrolysis  rates  per  unit  of 
nominal  area  (see  Pig.  4-4b) . 

My  failure  to  find  a relationship  between  summed 
dlsaeeharidase  activities  and 


body  weight  Is  probably 


consequence  of  Che  uae  of  a small  aample  of  ecologically  and 
Caxonomically  heterogeneous  species.  The  analysis  of 
allometcic  trends  in  intestinal  hydrolysis  rates  may  well 
yield  interesting  results  if  a larger  and/or  more  homogeneous 
sample  of  species  (e.g.  hummingbirds]  is  used. 

Unstirred  Laver  Effects  and  Variation  In  and  pH  Optima 

The  range  of  Interspecific  variation  of  Che  Miehaelia- 
constant  of  sucrase  spanned  almost  an  order  of  magnitude. 

Many  studies  have  attributed  physiological  and  evolutionary 
significance  to  variation  in  the  affinities  of  enzymes 
IFersht  19851.  I suggest,  however,  that  the  interspecific 
variation  in  the  apparent  affinity  of  avian  sucrase  does  not 
have  evolutionary  significance  and  can  be  explained  by 
biophysical  constrainca  on  the  techniques  1 used.  Sucrase  is 
anchored  to  the  brush-border  membrane  of  intestinal 
enterocytes  {Hunziker  et  al.  1986),  and  I studied  sucrase 
activities  in  whole  tissue  homogenates.  In  these 
preparations,  sucrase  is  present  in  particle-bound  form 
{Dahlqvist  1968),  and  hence  separated  from  a well-mixed  bul)c 
sucrose  solution  by  an  unstirred  layer.  As  hydrolysis 
proceeds  sucrose  becomes  depleted  in  this  layer  adjacent  to 
Che  membrane,  and  therefore,  hydrolysis  rates  are  measured  at 
a solute  concentration  lower  then  bulk  experimental 
concentration.  Thla  depletion  should  increase  with  the 
density  of  enzyme  "copies”  in  the  membrane  (i.e.  with  Vniax' 
the  maximal  race  of  hydrolysis),  so  that  high  values 


Should  be  associated  »ith  high  Km'  values  (Fig,  7-4),  The 
estimation  o£  Vma»  values  appears  not  to  be  affected  by 
unstirred  layer  effects  (laidler  and  Bunting  1580). 

The  relationship  between  K^'  and  Vmgj,  for  enzymes  bound 
to  the  surface  of  dis)cs  or  spheres  has  been  approximated  by 
Sundaram,  Tweedale  and  Laidler  (1570)  as: 

Km-  - (Km')'-^^(Vma*)l/2(LMD)-l/2. 


In  this  equation  is  the  "true"  Miehaelis  constant  of  the 
enzyme  in  solution,  L is  the  thiOtness  of  the  unstirred- 
layer,  and  D is  the  diffusion  coefficient  of  the  aubsttata. 
The  results  presented  in  figure  5 ate  consistent  with  the 
results  of  the  theory  of  Immobilized  enzyme  systems;  Km'  and 
Vmax  appear  to  be  related  by  a power  function  with  an 
exponent  that  is  not  significantly  different  from  1/2 
(exponent  - 0.45  ± 0.033,  t - 1,51.  P > 0,1).  Karasev  et  al, 
(1585)  suggested  that  unstirred  layer  effects  were 
responsible  for  interspecific  variation  in  the  apparent 
affinity  of  the  intestinal  glucose  carrier  and  reported  a 
relationship  between  K„'  and  v^ax  that  is  analogous  to  the 
one  reported  here  for  sucrase. 

nnstirred  layer  effects  may  also  explain  the  observed 
upward  shift  in  sucrase  pH  optima  associated  with  increased 
activity.  Shifts  in  pH  profiles  resulting  from  Increased 
coneencration  of  enzyme  can  result  if  the  anaymatie  reaction 


the  Itieitibrane  ILsidler  and  Bunting  1980).  The  nechanisit  o( 
reaction  ot  suctase  la  poorly  )tnown.  but  it  is  believed  to 
involve  Che  protonacion  of  the  glycoayl  oxygen  of  sucrose, 
the  formation  of  an  Intermediate  oxocarbonium  ion  and  its 
stabiliration  by  an  OH*  into  alpha-glucose  (NorSn  et  al. 
1986).  The  functioning  of  such  a meehanistn  can  influence  the 
partitioning  of  hydrogen  ions  between  the  bulb  solution  and 
the  iiutediato  surroundings  of  the  supporting  membrane.  Hgo 
and  Laldler  (1978)  have  reported  changes  in  the  pH  profiles 
of  entymes  entrapped  in  artificial  meinbcanes  . 

The  function  of  intestinal  enzymes  in  vivo  is  probably 
quite  different  from  the  function  of  intestinal  enzymes  as 
measured  in  vitro.  In  the  whole  live  animal  Intestinal 
enzymes  function  while  affixed  to  the  interior  of  a tube,  the 
intestine,  whose  walls  have  a complicated  geometry  and  are 
coveted  by  a glyeoealyx  (Ugolev  and  Tsvetkova  1986).  The 
influence  of  unstirred  layers  on  the  apparent  affinity  of 
enzymes  in  vivo  probsbly  depends  on  the  rate  and  pattern  of 
flow  of  digesta  through  the  intestine  (Christensen  1984)  and 
on  the  physical  properties  of  the  glyeoealyx  (Ugolev  and 
Tsvetkova  1966) , Unstirred  layer  effects  limit  the  usefulness 
of  comparisons  between  intestinal  enzyme  properties  measured 
using  different  preparations  such  as  brush-border  membrane 
vesicles  (Martinez  del  Rio  and  Stevens  1989),  purified 
enzymes  (Taravei  et  al,  1983)  and  tissue  homogenates  (Sell  et 
al.  1988).  The  measurement  of  intestinal  enzyme  function  in 
vitro  is  useful  for  C(5mparative  purposes  (Hacker  et  al.  1963j 


Vonk  and  Western 
enzyne 


1934;  this  study)  and  for  elucidating 
and  mechanism  of  action  (Kunzinker  et  a 
s not  replace  the  study  of  digestive 


processes  i 

Ecological  and  Behavioral  Consemiences  of  Tncerspecif Ic 


Hummingbird-pollinated  plants  produce  sucrose-rich 
tars.  Plants  pollinated  by  passerine  nectarivores,  in 

, secrete  nectars  containing  mainly  mixtures  of  the 
hexoses  glucose  and  fructose  {Baker  and  Baker  1933)  . The 
small  bird-dispersed  fruits  that  are  typically  consumed  by 
passerine  frugivores  also  contain  mainly  hexoses  (Baker  and 
Baker  19S6r  pers.  com.).  Perhaps  the  preferences  of 
pollinators,  seed  dispersers,  and  seed  and  nectar  parasites 
(birds  that  digest  the  seeds  contained  in  fruits  and/or 
consume  nectar  without  contacting  the  reproductive  parts  of 
flowers)  for  different  sugars  act  as  selective  pressures  on 
plants.  This  hypothesis  suggests  two  questions:  Do  sugar 

preferences  vary  among  birds?  and.  What  are  the  physiological 
e preferences?  I examine  these  two 


traits  that  underlie  t 
questions  below. 

Intestinal  suoras 


e activity  can  h 
and  presumably  o 
(Martinez  del  Ri 


a strong  influence 
e dietary  choices 


European  starlings  (^  vulgar) s i . for  exarple,  lack 
activity  and  strongly  prefer  solutions  of  glucose  a 


fructose  over  solutions  of  sucrose  (chapter  1).  The  inability 
to  digest  sucrose,  resulting  from  the  lack  of  physiologically 
significant  sucrase  activity,  has  been  reported  in  five 
species  of  birds  in  three  closely  related  families  (see 
above) . All  of  these  species  Include  fruit  in  their  diets, 
and  presumably  act  as  important  seed  dispersers  of  many  plant 
species  (Johnson  et  si.  1965).  Maybe  the  lack  of  sucrase  in 
the  muscicapid-sturnid  lineage  (sensu  Sibley  et.  al  198B)  is 
a good  example  of  a phylogenetic  constraint  on  the  feeding 
behavior  of  birds  chat  has  profound  ecological  consequences. 


some  frugivores  m 
d absorption  of  s 
d fructose,  even  wh 


The  extremely  fast  passage  rates  of 
preclude  Che  efficient  hydrolysis  a 
relative  to  the  hexoses  glucose  an 
animals  have  significant  amounts  o 
homhvn-i  1 1 ^ cedrorum.  chapter  2)  . Lac)c  Of  sucrase  activity  i 
a sufficient  but  not  a necessary  condition  for  birds  to 
prefer  hexoeee  over  eucrose. 

Hummingbirds  show  very  high  sucrase  activities  and  man 
species  appear  to  prefer  sucrose  over  hexose  solutions 
(Stiles  1976)  chapter  3) . Crane  (1975)  postulated  the 
existence  of  a glucose  transport  system  Independent  of  the 
commohly  recognized  sodium^dependent  glucose  carrier,  and 
associated  with  disaccharidsses  (Malathi  et  al.  1973).  In 
animals  with  high  sucrase  activities  such  as  hummingbirds, 
this  system  could  increase  the  rate  of  uptake  of  sucrose- 
derived  hexoses  above  the  rate  obtained  from  free 


monosaccharides.  The  disaccharidase-dependent  transport 


system^  however,  lac}cs  a satisfactory  mechanistic  explanation 


(Semenza  and  Corcelll  19Bfl,  and  i 
questioned  {Alvarado,  Lhermlnler  a 
preference  of  hcmmingbirds  for  sue 
puzzling  observation  begging  for  a 
Birds  show  variation  in  theii 
sugars,  and  these  preferences  seem 

presence  or  absence  of  intestinal 


mechanism  (chapter  3) . 
preferences  for  simple 
to  coincide  with  the  kinds 
!.  Furthermore,  the 
lucrase  activity  seems  to 


account  for  the  preference  of  some  species  of  birds  for 
hexoses  over  sucrose  (Martinez  del  Rio  and  Stevens  1989) , 

Some  of  these  species  are  important  seed  dispersers  and  may 
have  acted  as  a selective  pressure  on  plants.  The  sugar 
preferences  of  birds,  however,  cannot  be  explained  by  a 
single,  simple  physiological  mechanism,  such  as  the  presence 
or  absence  of  intestinal  sucrase.  Sugar  preferences  are 
probably  determined  by  relative  rates  of  energy  assimilation, 
and  these  are  the  result  of  the  interplay  between  sucrose 
hydrolysis,  glucose  and  fructose  uptake,  and  intestinal 
retention  times  chapter  5 integrates  these  three  factors  in  a 
synthetic  mathematical  model  of  sugar  digestion.  Tests  for 
this  model  and. a complete  picture  of  the  sucrose-hexoses 
preference  system  in  birds  awaits  the  evaluation  of  these 
parameters  In  species  of  contrasting  ecological  habits  and 
taxonomical  affinities. 
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Fis-  4-1.  Relationship  between  suorase  activity  standardised 
by  inteatinal  nominal  area  and  tissue  wet  mass  for  a single 
species,  CynanniiS  ialira.'ir.r.ia  (a),  and  all  species  (b) . in 
(a)  different  symbols  are  different  individuals,  different 
points  are  measurements  taken  at  different  regions  of  the 
intestine,  the  regression  line  was  fitted  only  for 
descriptive  purposes-  Points  in  (bl  are  mean  average 
activities  for  each  species,  bars  are  SE  and  the  regression 
line  equals  Y - 0.018X  (r  - 0.99,  P < 0.001) . 


pH 


pH 


Fig.  4-2.  Sucrase  pH  profiles.  Activity  was  measured  at  28 
oiM.  Interindividual  variation  was  small  and  is  not  shown. 
Sample  sizes  are  the  same  as  those  of  Appendix  1. 


rig.  4-3.  Maximal  sucrose  hySrolysis  a 
intestinal  position  in  three  species  o 
four  species  of  birds  (b) . Vertical  ba 

is  standardized  by  nominal  area  of  intestine.  Distances' from 
'2®  pylorus  are  average  distances  to  the  extreme  distal  end 

e intestine. 


5 a function  of 
f hummingbirds  (a)  and 
. Hydrolysis 


activity  decreases  distally  a 


OsOy  mass  (grams) 


Fig.  4-5.  Malcoae  hydrolysis  capacity  Imeasured  at  20  mK) 
body  mass-  Closed  circles  are  species  that  had  significant 
sucrase  activity  (>  0.005  pmoles/ (min . cm^) ) . Open  circles 

parameters  of  the  power  relationship  (Y  ■ 5-96X0-65)  shown 
the  figure  were  estimated  after  removing  T.  rnfopa 1 1 ( ame 
auxantij.rasiti5  from  the  sample. 
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sucfose  corcemratior  (mM) 


i.  Sucrose  hydrolysis  as  a funeiion  of  incubation 
concentration  for  four  species.  Vertical  bars  are 
- • Appendix  II.  Curves  w 


sample 
values  are  normaliri 


i-linear  least-squares  routine.  Hydrolysis 


CHAPTER  5 

DIGESTION  STRATEGIES  IN  NECTAR-  AJ 
THE  SUGAR  COMPOSITION  0£ 


The  digeacive  processes  and  strategies  of  nectar-  and 
fruit-eating  animals,  have  been  largely  neglected  [some 
exceptions  are  Halsberg  ISIS,  Sorensen  1984,  and  Xarasov  et 
al.  196S) . In  this  chapter  I will  use  a mixture  of  simple 
mathematical  and  graphical  methods  to  model  the  digestive 
processes  of  birds  feeding  on  fruit  and/or  nectar .Although 
Che  models  were  constructed  with  birds  in  mind.  Che  results 
probably  apply  to  neotarivorous  and  frugivorous  bats  as  well- 

influence  the  preference  of  birds  for  different  sugars,  and 
how  digestive  traits  and  strategies  are  modified  by  the 
concentration  and  sugar  composition  of  food. 

Because  energy  in  nectar  and  the  pulp  of  many  fruits  is 
mainly  in  Che  form  of  simple  sugars  (Baker  and  Baker  1983; 
Baker  and  Baker  unpubl.  data),  the  digestive  processes  of 
neotarivorous  and  frugivorous  animals  may  be  easier  to  study 
than  those  of  animals  feeding  on  more  complex  food.  In 
addition  to  sugars,  many  fruits  contain  relatively  large 
amounts  of  fats  and  proteins  (e.g.  many  Lauraceae, 
Burseraceae.  and  Palmae.  Snow  1981b)  and  some  birds  feed 
almost  exclusively  on  these  fruits  (e.g.  .gresromi  < rspensi  q . 
Snow  1962) . I will  restrict  my  discussion  of  the  digestive 
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strategies  of  frugivoroua  birOs  to  those  species  that  feed  on 
fruits  containing  sugars  pristecily. 

Sosie  birds  show  variation  in  preference  among  sugars 
(chapters  1,  2,  and  3) . These  preferences  are  surprising 
because  the  sugars  present  in  fruit  and  nectar  (sucrose, 
glucose  and  fructose,  Percival  1961)  have  nearly  the  same 
caloric  content  per  unit  gram.  In  chapter  4 I argued  that 
sugar  preferences  are  probably  determined  by  relative  rates 
of  energy  assimilation,  and  that  these  are  the  result  of  the 
interplay  between  sucrose  hydrolysis,  glucose  and  fructose 
uptahe,  and  intestinal  retention  times.  Here  I integrate 
these  three  factors  in  a synthetic  mathematical  model  of 
sugar  digestion. 

standard  foraging  theory  because,  traditionally,  the  models 
of  food  choice  have  neglected  the  importance  of  digestive 
processes  (Speakman  1907).  By  emphasising  digestion  1 hope  to 
expand  the  models  of  food  choice,  and  to  provide  a tool  that 
may  help  understanding  why  animals  vary  in  their  preference 
for  food  Items  of  the  same  energetic  value  but  different 
chemical  composition.  In  the  construction  of  the  models 
presented  here  I ignored  Che  effect  of  pre-ingesCional 
handling  of  food  on  the  race  of  energy  intake.  Hy  models  are 
not  inclusive  but  rather  serve  Co  draw  attention  to  a 
previously  neglected  component  of  foraging  behavior. 

Penry  and  Jumars  11986)  championed  the  use  of  methods 
from  chemical  engineering  to  analyse  digestive 


borrowed 


strategies  in  animals.  Ihe  approach  suggested  by  Penny  and 
Jumars  (1986}  consists  of  identifying  the  digestive  tract  of 
animals  with  a particular  class  of  chemical  reactors,  and 
then  proposing  a sec  of  chemical  reactions  occurring  in  the 
reactor  (in  this  case  the  hydrolysis  of  sucrose  and 
absorption  of  hexoses) . The  structure  of  the  reactor  and  the 
nature  of  the  chemical  reactions  determine  a particular 
energy  yield  function  that  can  be  optimised  to  find 

maximize  energy  yield,  given  the  constraints  imposed  by  the 
design  of  the  reactor  and  Che  characteristics  of  Che  "feed". 


The  Moflel 

With  few  exceptions  nectarivorous  and  frugivorous  birds 
possess  relatively  siirple  guts  consisting  of  a storage  organ 
(a  crop  or  a distensible  esophagus)  that  presumably  plays  a 
negligible  role  in  enzymatic  digestion  or  absorption  of 
sugars  (Jung  and  Pierce  1933),  a elmple  aacular  stomach  used 
to  macerate  and  initiate  the  digestion  of  animal  food  and 
perhaps  Co  separate  pulp  from  seeds  In  frugivores  ((4elsberg 
I9T5,  Levey  and  Grajal  unpubl.),  and  a tubular  Intestine  in 
which  hydrolysis  and  absorption  of  carbohydrates  occurs 
(Forbes  I860;  Wecmore  1914;  McLelland  19T9;  Pulliainen  et  al- 
1981;  OuXe  1986) . 

Penry  and  Jumars  (1986,  1981)  suggested  that  guts  can 
be  modelled  as  chemical  reactors,  and  have  identified  the 
types  of  ideal  chemical  reactors  analogous  to  digestive 


or9an9.  Secular  or9ana  such  as  a crop  cs  a stomach  ara 
probably  analogous  to  continuous  Clow  stirred  t 
(CSTR)  if  the  animal  feeds  continuously,  or  as 
(BSR)  If  each  meal  is  processed  separately  i 
intervals  Ifenty  and  Jumars  1987).  Tubular  organs  such  as  the 

w reactcrs  {PFR;  Penry  and  Jumars  1987, 
nd  Penry  and  Jumars  19B7  for 

ideal  reactors) . A gut  such 
it  and  nectar  eating  birds  can  be  modelled  as 
a series.  First  there  is  a continuous  flow 
stirred  tan)t  reactor  (the  oropethe  stomach)  . Coupled  to  it  is 
a plug  flow  reactor  (the  tubular  intestine) . Because  all  the 
digestion  of  sugars  ta)ces  place  in  the  intestine.  It  may  be 
reasonable  to  model  the  icinetics  of  the  Intestinal  digestive 
processes  of  fruit  and  nectar  eating  animals  as  those  of  a 


intestine  probably  ) 
analogous  to  plug-fj 
see  Levenspiel  1972 
descriptions 


Kinetics  of  Sugar  Absorprlon 

In  a PFR-li)ce  Intestine  the  digestion  of  a single 
monosaccharide  such  as  glucose  (G)  can  be  modeled  as  the  rate 
at  which  the  monosaccharide  is  absorbed  (rg) ; thus 


The  concentration  of  monosaccharide  (G)  is  in  (imoles/()il  of 
, and  t is  a time  constant  equal  to  the  ratio  of  the 


digesta) . 
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volume  of  the  intestine  to  the  rate  of  entrance  of  food  to 
the  intestine  (vq)  and  has  units  of  time  {minutes,  see 
Levenspiel  1972}  . In  ideal  PFR-s,  tis  equal  to  the  mean 
residence  time  of  the  reactor  [also  called  throuqhput  time, 
Levenspiel  1972,  Smith,  1987,  notation  follows  Penry  and 
Jumars  1986,  1987;  all  symbols  ace  defined  in  Table  1} . 


monosaccharide  absorption  across  Che  intestinal  walls  occurs 

fructose  (FJ,  active  transport  for  glucose,  Alpers  1967, 
Karasev  and  Diamond  19631 . Carrier  mediated  processes  can  be 

of  absorption  {Vg)  at  saturating  substrate  concentrations  and 
a Hichaelis  constant  [hgl  reciprocally  related  to  the 
affinity  of  the  carrier  system  for  the  monosaccharide.  In 
addition  to  using  carrier  mediated  processes,  vertebrates 
rely  on  passive  diffusion  to  transport  hexoses  across  the 
intestinal  walls  [Karasev  et  al.  1985).  If  Che  concentration 
of  monosaccharides  in  the  blood  stream  remains  constant,  the 
passive  component  of  monosaccharide  transport  is  proportional 
to  monosaccharide  concentration  in  the  intestinal  lumen 
(Alpers  1987).  The  constant  of  proportionality  in  this 
relacionahip  is  called  the  passive  permeability  coefficient 
Ocg) . The  race  of  intestinal  absorption  of  a single  hexose 
can  thus  be  modeled  as 


4g  t G)  ♦ kgG.  (2) . 


glucose 


The  unite  of  Vg,  kg  and  are  ;unoles ^mole8‘  ixi 
^ and  reapectively. 

Unlike  monoaaccharidea  that  are  tranaported  intact 
acroas  the  inteatlnal  wall,  aucrose  (5}  la  not  tranaported 
directly  but  haa  firat  to  be  hydcolyaed  into  ica 
monosaccharide  components,  glucoae  and  fructose.  The 
membrane-bound  intestinal  enzyme  sucraae  ia  responsible  for 
aucrose  hydrolysis  fSemenza  19T6) . The  kinetics  of  uptake  of 
monosaccharides  (G.F)  when  aucrose  is  the  feed  of  the 
chemical  reactor,  can  therefore  be  modelled  using  the 
following  system  of  differential  equations 


dG/dt  - rs  - rg 

df/dt  - rg  - tf 


13) 


where  A is  the  total  absorption  of  hexosea.  and  rg  ia  the 
rate  of  sucrose  hydrolysis.  Like  moat  enzyme  mediated 
reactions,  the  rate  of  aucrose  hydrolysis  by  sucraae  follows 
Michaelis-Menten  kinetics. 

glucoae  and  fructose  into  a single  category  {H) . This  is  a 
necessary  step  because  the  kinetics  of  Intestinal  uptake  of 
glucoae  are  well  known,  whereas  those  of  fructose  are 


relat Ively 


{Alpers  1987} . The  system  describin9  the 


The  maximal  race  of  hexose  upta}ce  (Vj^)  implicit  in  eq.  (4)  la 
equal  to  the  sum  of  the  maximal  upta)ces  of  glucose  and 
fruotose . 

To  model  the  uptake  of  monosaccharides  from  sucrose  in 
the  intestine  as  a system  of  ordinary  differential  equations 
in  t requires  that  the  system  be  homogeneous;  namely,  that 
both  substrates  and  enzymes  are  in  solution.  This  assumption 
is  clearly  violated  by  all  vertebrate  intestines;  both  the 
enzyme  that  hydrolyzes  sucrose  and  the  protein  carriers  of 
monosaccharides  are  bound  to  the  brush  border  membrane  of  the 
intestinal  enterocytes.  The  system  is  therefore  heterogeneous 
(liquid  to  solid} , Biochemical  engineers  have  explored  the 
kinetics  of  heterogeneous  systems,  and  a wealth  of 
information  exists  on  their  behavior  (Goldman  and  Katchalski 
1971;  Horvath  and  Solomon  1972;  Koyaysahl  and  Laidler  1974, 
chapter  4}.  The  qualitative  features  of  the  heterogeneous 

tractable  homogeneous  system  described  by  eq.  (4) . 

An  analytical  solution  does  not  exist  for  eq.  (4),  but 
a graphical  analysis  of  its  behavior  reveals  its  most 


charact«ristic  features.  I will  first  analyte  the  behavior 
of  a system  in  which  ill  the  intestinal  transport  of  hexoses 
is  carrier  mediated  li.e.  the  passive  diffusion  coefficient, 
Ic^,  equals  0)  . Because  Diamond  ^ (1BS6)  have  shown  that 
hummingbirds  show  no  passive  transport  of  glucose,  I will 
call  this  first  sec  of  models  the  "hummingbird  model". 
Following  this  analysis  I will  examine  the  effect  of  a 
passive  permeability  term  in  the  transport  equation.  I will 
call  this  sec  of  models  including  a passive  transport  term 
the  "frugivore  model".  The  frugivorous  birds  studied  so  far 
do  absorb  glucose  passively  IKarasov  and  Levey,  1990) . 

Hummingbird  Model 

asympcotioally  to  2Vg  if  sucrose  hydrolysis  is  the  rate 
limiting  step  (2V,  < Vj,)  , and  to  Vj,  if  absorption  of  hexoses 
is  the  rate  limiting  step  (2Vj  > Vn),  provided  chat  the 
initial  concentration  of  sucrose  is  higher  than  the  Michaelis 
constant  of  sucrase  ii  .e . Sq  > Icg,  Figs.  l-5a  and  l-5b)  . This 
last  assumption  is  appropriate  for  hummingbirds  because  the 
sucrose  concentration  of  Che  food  they  consume  is  high  (300 
mH  - 1200  mM,  Balter  1975;  Fyke  and  Waset  1981)  relative  to 
the  )Cg,  for  sucrose  hydrolysis  113-40  mM,  Semenaa  196B; 
chapter  4) . The  rate  of  hexose  absorption  from  sucrose,  thus, 
is  approximately  constant  (i.e  follows  zero  order  Itinecics) 
and  approximately  equal  to  the  value  of  the  rate  limiting 
step:  Vfj  if  absorption  of  hexoses  is  limiting  and  2Vg  if 


sucrose  hydrolysis  is  limitihg.  ^pendix  1 provides  an 
analytical  justification  for  Che  linearity  of  Che  absorption 
curve  in  Che  hummingbird  Ecodel. 

The  absorption  curve  of  hexoses  is  always  above  the 
reaction/absorption  curve  of  sucrose.  If  is  high,  however, 
a relatively  short  cine  is  required  for  Che  concentration  of 
hexoses  in  the  Intestinal  lumen  to  be  higher  than  IC}^,  and 
therefore  tor  the  hexose  transport  system  to  be  near 
saturation.  Consequently,  Che  reaction/absorption  curve  for 

as  Vs  becomes  larger  than  Vj^/S  {see  Appendix  2 for  a proof, 
and  Fig.  l-5b).  For  Vg  > Vjj/2  the  marginal  benefit  derived 
from  increasing  Vg  (the  number  of  enzyme  copies)  tends  to 
zero.  It  is  difficuic  to  predict  a precise  optimal  ratio  for 
Vg  and  without  an  estimate  of  the  metabolic  cost  of 
producing  sucrase;  the  extremely  small  values  of  hg  typical 
of  vertebrates  (0.0005-0,006  )lmole/pl.  Karasov  ec  al.  198S) 
suggest,  however,  that  this  ratio  should  be  relatively  small 
(Appendix  2) . For  example,  feeding  at  high  sucrose 
concentrations  a hummingbird  with  a b^/Vh  ■ 0,04  minutes 
needs  a Vg/V^  ratio  of  only  2 Co  achieve  961  of  the  maximal 
transport  of  glucose  at  equicalorlc  concentration  after  one 
minute  of  intestinal  digestion. 


I will  consider  first  the  situation  of  high 
concentration  of  only  hexoses.  Absorption  kinetics  are,  at 


least  in  the  initial  phases  of  absorption,  of  first  order,  ii 
hexoses  are  removed  from  the  lumen  and  concentration  drops, 
the  hexose  absorption  curve  becomes  decelerating  and  tends 
asyn^totically  to  the  initial  concentration  of  hexoses  IHg, 
Fig.  1-Sd) . If  the  initial  substrate  is  sucrose,  the  form  of 
the  reaction/absorption  curves  depends  on  the  value  of  2Vg 
relative  to  Vjj.  If  2Vg  < then  the  absorption  curves  are 
approximately  linear  and  the  rate  of  absorption  is  equal  to 


> Vh 


absorption  c 
accelerating  rate 


5 sigmoidal. 


absorption  of  hexoses  equals  the  rate  of  sucrose  hydrolysis, 
becomes  linear,  and  then  decelerates  when  the  rate  of  supply 
of  hexoses  provided  from  sucrose  hydrolysis  becomes  smaller 
than  the  rate  of  hexose  absorption,  tending  asymptotically  to 
2So  (Fig-  5-ld,  Appendix  5-1) . 

When  Vg  increases,  the  reaction/absorption  curve  for 
sucrose  converges  with  the  hexose  absorption  curve.  Extremely 
high  sucrose  hydrolysis  rates  are  required  to  match  the 
initial  rates  of  absorption  that  are  achieved  when  hexoses 
are  the  substrate,  however,  and  the  ratio  of  Vg  and  needed 
for  convergence  is  much  higher  then  that  needed  in  the 
hummingbird  model-  A bird  with  both  active  and  passive 
absorption  modes  and  feeding  on  hexoses  has  a maximal  rate 
of  absorption  at  the  beginning  of  digestion  (T  » 0)  equal  to 

+ Vn-  The  maximal  rate  of  absorption  that  such  a bird 
can  achieve  when  feeding  on  sucrose  is  equal  to  2Vg  (Fig.  5- 
Ic) . For  birds  in  which  passive  absorption  of  hexoses  plays  a 


significant  role,  sucrose  hydrolysis  Is  the  rate  limiting 
step,  unless  2Vs  » ♦ v^.  This  inequality  becomes 

difficult  to  satisfy  at  the  very  high  sugar  concentrations 
found  in  most  fruit  pulps  and  nectars  (Levey  1987,  Lee  1970) - 
It  is  more  likely  that  a bird  with  a substantial  passive 
component  in  the  uptake  of  hexoses  will  be  limited  by  sucrose 
hydrolysis,  chan  a bird  chat  relies  only  on  carrier  mediated 


Using  the  basic  model  developed  in  the  previous  section 
I will  now  apply  static  optimization  techniques  (saasii 
McFarland  and  Houston,  19811  to  explore  the  optimal 
strategies  of  animals  feeding  on  sucrose  or  monosaccharides 
and  possessing  intestines  with  the  characteristics  of  the 
hummingbird  or  the  frugivore  models.  The  optimization 
constraints  will  be  the  kinetic  parameters  of  hydrolysis  and 
uptake,  and  the  control  variable  will  be  c,  the  throughput 
time  of  the  intestine. 

The  throughput  time  of  the  intestine  (T  - [intestinal 
volumel/vjl  can  be  changed  by  altering  the  intestinal 
volume,  or  by  modifying  vq,  the  rate  of  input  Co  the 
intestine,  I will  only  explore  how  changes  in  vq  modify  the 
net  race  of  energy  intake,  assuming  that  intestinal  volume 
remains  constant;  and  use  the  results  to  analyze  the  sugar 
preferences  in  different  kinds  of  birds. 


IC  intestinal  volume  is  constant,  the  amount  of  sugar 
obtained  from  retaining  a meal  in  the  intestine  t units  of 
time  is  equal  to  (volume]  < A(t),  This  value  can  be 
transformed  from  (moles  of  hexose  absorbed  to  Joules  absorbed 
(E(t()  by  multiplying  [volume]  • A(t)  by  the  energy  content 
of  sugars  (en  • eg/l  - 2.020  J/(imole,  CRC  Handbook  of 
Chemistry  and  Physics  1979).  The  total  cost  of  processing  a 

obtaining  the  amount  of  food  required  to  fill  the  intestine 
(Cq)  plus  the  cost  of  staying  alive  during  the  t units  of 
time  required  to  process  this  amount  of  food.  If  is  the 
rate  of  energy  expenditure  of  an  actively  digesting  bird, 

C(t)  - Co  • C„t.  (5) 

An  implicit  assumption  of  eq  {5)  is  that  birds  process 
discrete  meals,  and  hence,  that  the  cost  of  foraging  and  the 
gains  and  costs  of  digestion  are  not  concurrent. 

The  net  rate  of  energy  gain  (E/T)  in  the  interval  T is 

E/T  - IE(T)  - C(T)  1/T  (6)  . 

The  vQ"  that  maximizes  this  rate  can  be  obtained  by 
differentiating  eq.  (6)  with  respect  to  vq  and  setting  it  to 


iTI  (aE/dTM«/dvro)-(3C/aT)  OT/3vo)  I-3t/Svo(E-C)  l/t2  - 0 (7). 


"marginal  value"  form, 


maximized  when  7*  la  such 


3E/dt  - ac/3T  -[E(T)  - C(T)]/t; 


r upon  lurcher  simplification* 


3E/9T  - (E(T)  - Cfll/T. 


18) 


Figure  5-2  illuscratea  graphically  the  procedure  used  to  find 
T’  and  therefore  vg*  for  the  hummingbird  model.  As  in  many 
Optimisation  models,  the  optimal  throughput  time  is  chat  in 
which  a straight  line  passing  through  the  origin  is  tangent 
to  the  benefit  - cost  curve  (see  Kacelni)c  and  Houston,  198«; 
Sibly  1981)  . Note  Chat  for  the  particular  cost  function  used, 
optimal  throughput  time  Is  dependent  on  the  cost  of  acquiring 
food  Cq,  but  not  on  the  rate  of  energy  expenditure  Cm- 


Hr.mninnhlrd  Model 

Because  the  absorption  curves  ate  approximaceiy  linear 
except  for  very  low  concentrations  of  sugars,  the  optimal 
value  of  T can  be  easily  found  and  is  that  at  which  almost 
all  the  sugar  is  absorbed  (Fig.  2-5) . Thus,  the  model 


predicts  that  under  the  conditions  of  the  hummingbird  model, 
birds  digesting  sugar  meals  optimally  should  exhibit  almost 
100%  digestion  of  sugars.  Throughout  the  text  I will  use  the 
term  optimal  digestibility  for  the  quantity  100X{1  - 

if  hexoses  are  the  substrate;  or  lOOXd  - 
fA (t* ) / (2Sq) ] I } if  sucrose  is  the  substrate. 

The  value  of  t"  is  always  a linearly  increasing  function 
of  Che  initial  concentration  of  sugar  (Hq  or  SqI;  this 


implies  that  the  throughput  time  of  animals  feeding  on 
energy-dilute  foodstuffs  such  as  dilute  nectar  should  be 
lower  chan  those  of  the  same  animals  feeding  on  energy- 
concentrated foods.  Because  optimal  energy  intake  rate  is  an 
increasing  function  of  sugar  concentration,  animals  should 
prefer  energy  concentrated  to  energy  dilute  foods. 

The  energy  per  unit  mole  of  sucrose  is  about  twice  chat 


of  hexoses.  Thus,  if  given  a choice  between  foods  with 
egulcsloric  concentrations  of  sucrose  or  hexoses  (Sq  - 


the  energy  maximizing  birds  should  prefer  hexoses  when 
sucrose  hydrolysis  is  limiting  <2Vg  < V^),  and  should  be 
indifferent  if  hexose  absorption  is  limiting  {Vfj  < 2Vgi  fig. 


A consequence  of  the  linearity  of  the  cost-benefit  curve 
of  the  husmlngbird  model  is  that  the  optimal  throughput  time 
is  independent  of  the  costs  of  acquiring  food  (CqI.  The  time 
invested  in  digesting  a meal  la  independent  of  the  cost  of 
acquiring  it. 
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the  absorption  curves  are  approximately  linear,  optimal 
throughput  time  ie  a linearly  Increasing  function  of  sucrose 
concentration  in  food  and  independent  of  the  cost  of 
acquiring  food.  Optimal  sucrose  digestibility  is  about  100%. 

When  hexoses  are  the  main  sugar  in  food,  the  maximal 

process  and  decreases  thereafter.  Under  such  conditions  both 
the  cost  of  feeding  and  the  concentration  of  hexoses  of  food 
have  an  effect  on  optimal  throughput  time  and  on  optimal 
digestibility.  Increasing  the  cost  of  feeding  (Cq)  increases 
optimal  throughput  times.  As  food  becomes  more  expensive  to 
acquire,  it  should  be  retained  in  the  intestine  longer  and  be 
digested  more  thoroughly  (Fig.  S-3a) . 

As  the  concentration  of  hexosas  in  food  EHq)  increases, 
optimal  throughput  tlma  decreases.  Energy  rich  foods  should 
be  retained  in  the  gut  a shorter  time,  and  digested  less 
thoroughly  than  energy  dilute  foods  {Fig,  5-3b)  . As  in  the 
hummingbird  model,  optimal  energy  intake  rate  increases  vith 
sugar  concentration,  and  animals  should  prefer  energy 
concentrated  to  energy  dilute  foods. 


Birds  with  an  important  passive  absorption  component  in 
the  intestinal  uptake  of  hexoses,  and  feeding  on  sucrose,  ere 
more  likely  to  be  limited  by  hydrolysis  than  uptake,  unless 
the  Va/Vh  ratio  is  extremely  high.  Such  birds,  therefore, 
should  prefer  hexose^containing  foods  to  foods  containing 


equicaioric  amounts  of  sucrose.  This  preference  should  be 
more  marhed  as  the  caloric  concentration  of  food  increases. 


Discussion 


The  two  models  presented  above  are  clearly  extremes  in  a 
continuum,  but  the  scent  data  available  on  the  digestive 
physiology  of  nectarivorous  and  frugivorous  birds  show  this 
clear  dichotomy.  The  two  species  of  hummingbirds  examined  by 
Karasev  et  al.  (1966)  show  no  passive  intestinal  permeability 
to  glucose  and  extremely  high  rates  of  carrier  mediated 
uptake  of  glucose-  The  lour  species  of  trugivores  examined  by 
Karasov  and  Levey  (Bombvei  ] 1 s rpHrnrnm.  TiirHiis  mi  OTxron'  ns  . 
DuTsetella  carol  i nets  1 s and  Sturnus  vulgaris;  Karasov  and 
Levey  1990)  exhibit  relatively  high  passive  intestinal 
permeabilities  to  glucose,  and  low  carrier  upta)ie  rates  of 
glucose.  The  dichotomy  that  I defined  artificially,  thus,  may 
have  a degree  of  realism.  Clearly  more  comparative  data  are 
needed  to  assess  its  generality. 


The  characteristics  of  Che  fruit  or  nectar  encountered 
by  a foraging  bird  vary  from  day  to  day,  and  frequently  from 
meal  to  meal.  Fruit  pulp  and  nectar  show  considerable 
variation  in  sugar  concentration  and  composition  even  within 
a single  habitat  and  a single  plant  apecies  (Hainsworth  and 
Wolf  19T2;  Levey  1987a;  White  and  Stiles  1905;  Freeman  and 


Worthington  1985).  Pulp  to  seed  ratios  are  also  quite 
variable  both  within  and  between  species  of  plants  (Herrera 
1981;  Johnson  et  al.  1985).  Frugivorous  and  nectarivorous 
birds  can  potentially  increase  their  race  of  energy  inca)ce 
by  varying  Che  time  chat  food  spends  In  tne  Intestine  in 


accordance 

available  t 
modify  the; 
changes  in 


case  of  birds  with  high  passive  transport  of 
i Che  cost  of  aoquiring  it.  There  are  few  data 
examine  the  hypothesis  that  birds  are  able  to 
throughput  times  in  response  to  short  term 
»od  characteristics.  Evidence  from  other  groups, 
however,  suggests  chat  animals  do  exhibit  short  term  changes 
in  gut  throughput  times  in  response  to  variations  in  food 
characterlstica  (see  Van  Soest  1983,  pp.222;  Bjorndal  1989). 


Huntmingbirds  Sh 
intervals  betwe 
concentration  1 


I increased  throughput  times  and  increased 
i meals  in  response  to  increased  sugar 
nectar,  but  appear  to  )reep  meal  site 
ilS;  Wolf  and  Hainsworth  1917;  ^ 


Rio  unpubl.  data) . Thus 
procesa  a meal  appears  t 


1 hummingbirds  t 


e required  t 


A change  in  the  time  that  a meal  stays  in  the  intestine 
can  result  in  changes  in  Che  extent  of  digestion  and 
absorption  that  caXes  place  (Van  Soest  1983) . The  model 
outlined  above  suggeats  that  birds  relying  mostly  on  active 
transport  of  hexoses  should  vary  retention  time  in  accordance 
Co  the  concentration  of  food  and  exhibit  little  variation  in 
the  efficiency  with  which  they  digest  sugars;  they  should 


always  exhibit  digestive  efficiencies  Chat  are  close  to  lOOi. 
Birds  with  an  important  passive  component  in  the  uptaXe  of 
hexoses,  in  contrast,  should  show  considerable  variation  in 
digestibility  of  sugars,  and  this  variation  should  be 
correlated  with  the  charscterisclcs  of  food.  Hummingbirds 
show  proverbially  high  digestive  efficiencies  of  sucrose, 
approaching  100%  (Hainsworth  1974;  Karasev  et  al . 1906),  and 
eguivalently  high  digestive  efficiencies  of  the  hexoses 
glucose  and  fructose  (chapter  3) . The  hypothesis  chat 
hummingbirds  should  exhibit  digestibilities  of  sugars  close 
to  a 100%  is  crucially  dependent  on  hummingbirds  having  very 
low  passive  intestinal  permeabilities  to  hexoses.  Karasev  et 
al,  (1986)  speculated  that  low  passive  intestinal 
permeabilities  were  advantageous  in  the  face  of  rapid  fluid 
transit,  because  they  would  impede  the  loss  of  solutes  from 
the  blood-stream  into  the  intestinal  lumen.  The  relative 
impermeability  of  Che  intestinal  membranes  could  also  prevent 
osmotic  water  flow  from  the  blood-stream  into  the  intestinal 
lumen  resulting  from  feeding  on  concentrated  solutions.  The 
osmotical  loss  of  blood  fluid  into  the  Intestine  could  have 
severe  conseguences  in  a small  animal  (Hunt  and  Knox  1968) . 

The  frugivotes  in  which  the  digestibility  of  sugars  has 
been  examined  do  not  show  100%  efficiencies.  The 
digestibilities  of  glucose  in  cedar  waxwings  and  ftmerlcsn 
robins  were  921  and  73%  respectively  (chapter  3,  Karasov  and 
Levey  1990)  . The  assimilation  efficiency  of  reducing  sugars 
in  free-living  cedar  waxwings  was  estimated  to  be  about  66% 
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by  Studier  et  al-  (1988).  In  a recent  review,  Karasov  (1989) 
found  t)iac  the  digestive  efficiencies  of  frugivores  were 
lower  than  those  predicted  assuming  that  frugivores  digested 
all  the  nutrients  in  fruit  except  the  refractory  and  cell 

refractory  solids  in  fruit  are  sugars,  it  is  probably  correct 
to  assert  that  frugivores  show  digestive  efficiencies  of 
sugars  that  are  lower  than  1009. 

The  terms  ‘poor  food"  and  "food  of  low  quality"  are 
ambiguous  descriptors . They  can  mean  that  food  is  energy- 
dilute  or  t)iat  it  ta)ce3  a long  time  to  digest  and  absorb. 
Consider  a bird  with  no  passive  absorption  of  hexoses;  for 
such  a bird  sucrose  is  a low  quality  food  if  Che  ratio  of 
rates  of  hydrolysis  to  absorption  is  low,  and  the 

optimal  throughput  time  for  sucrose  is  in  consequence 
relatively  long.  In  the  same  bird,  dilute  hexose-rlch  nectars 
and  fruits  with  low  pulp/seed  ratios  are  also  low  quality 
foods,  but  the  optimal  throughput  times  are  relatively  short. 
The  assertion  that  animals  feeding  on  "low  quality"  food 
should  have  long  throughput  times  (Sibly  1981),  thus,  does 
not  appear  to  be  true  in  general  (see  Calow  1975)  . Food 
quality  and  digestibility  are  a function  of  the  interaction 
between  a food*s  nutrient  concent  and  density  and  Che 
digestive  traits  of  the  animal  consuming  it  (Moss  1983) . 


An  important  cautionary  note  la  tBat  for  adequate 
teating,  the  predictions  of  the  loodei  presented  above  require 
the  measurement  of  Intestinal  throughput  times.  These  are 
rarely  measured,  and  are  not  equal  to  the  much  more 


mouth-cloaca  throughput  times 
both  the  throughput  times  of 
intestine.  In  some  species  wii 
throughput  times  are  likely  ti 
throughput  time  of  the  crop  ai 
the  relative  contribution  of  ea 
total  throughput  time  but  it  is 
comparisons  of  total  throughput 
capacity  rather  than  the  time  ai 
in  contact  with  digestive  and  absorptive  surfaces.  In  the 
hummingbirds  studied  by  Karasov  et  al.  (1986),  about  131  of 
the  mean  time  required  to  process  a meal  could  be  accounted 
for  by  the  time  that  the  meal  stayed  in  the  crop.  We  know 
little  of  the  amount  of  time  that  food  stays  in  the  stomach 


are  an  additive  function  of 
he  crop  and  stomach  ano  the 
h large  crops,  intestinal 

d stomach.  Little  is  known  of 

s likely  that  interspecific 
times  compare  storage 
average  food  particle  spends 


cf  hununingbirds 
intestine.  In  th 


("transit  time") 
throughput  time 


or  ocher  birds  before  it  passes  to  the 
le  absence  of  detailed  distributions  of  time 
1 by  inert  markers,  the  time  required  for  an 
appear  in  the  excreta  after  ingestion 
Is  probably  the  beat  estimator  of  intestinal 
(Penry  and  Jumars  1986). 


Chemical  engineers  commonly  explore  reactor  design  and 
properties  by  studying  residence  times  o£  chemically  inert 
markers  that  pass  unaltered  through  reactors  (Froment  and 
Birchoff  1979) . Residence  times  distributed  as  negative 
exponentials  with  transit  times  equal  to  0 are  typical  of 
oompletely  stirred  tank  reactors  (CSTR,  Levenspiel  19721. 
Residence  times  in  coupled  CSTR-PFR  reactor  are  distributed 
as  negative  exponentials  shifted  to  the  right  (i.e.  transit 
times  > 0.  Penry  and  Jumars,  1996} . In  these  systems 
distribution  transit  time  is  equal  to  the  throughput  time  of 
the  PFR,  and  the  shifted  negative  exponential  is  equal  to  the 
distribution  of  retention  time  of  mar)cers  in  the  coupled 
CSTR.  The  residence  times  of  inert  mat)cer5  in  the  digestive 
tract  of  hummingbirds,  a frugivore  (cedar  waxwing) , and  two 
facultative  frugivores  (American  robin  and  starling)  are 
distributed  as  negative  exponential  density  functions  with  a 
very  short  transit  time  (Karasev  et  al  1995;  Karasov  and 
Levey  1990)  . Available  data  lac)c  resolution  at  the  lower  end 
(t  ■ 0)  of  the  retention  time  distribution  function  and  do 
not  permit  a clear  diagnosis.  Detailed  distributions  of 
mar)cer  retention  times  for  birds  are  needed  to  test  the 
predictions  of  the  model  presented  above,  as  well  as  to 
substantiate  the  assumption  that  the  intestine  of 

d frugivorous  birds  behaves  as  a plug-flow 


Dlg^arlve  Tralfq  jnd  .Sugar  Pr«fgreng»< 


The  model  predichs  chat  the  preferences  of  birds  for 
sugars  are  mediated  by  the  interaction  between  the  sugar 
composition  and  concencraclon  of  food,  and  the  kinetic 
parameters  of  hydrolysis  and  absorption.  Below  I review  a few 
studies  where  the  preferences  of  birds  for  simple  sugars  were 
correlated  with  digestive  traits- 

An  extreme  exampie  of  a physiological  constraint  on 
sugar  preferences  can  be  found  in  European  starlings. 
Starlings  reject  sucrose  solutions  but  strongly  prefer  hexose 
solutions  over  water  <Schuler  ISSl;  chapter  1) . Also,  after 
being  fed  sucrose  solutions,  starlings  developed  a 
conditioned  aversion  {chapter  1) . Martinez  del  Rio  and 
Stevens  (1989)  demonstrated  that  starlings  lack  sucrase 
activity  (Vg  ■ 0).  For  birds  lacking  sucrase  activity, 
sucrose  is  not  only  a useless  energy  source,  but  can  cause 
osmotic  diarrhea  and  act  as  a feeding  deterrent.  Starlings 
are  mainly  insectivorous  but  consume  large  quantities  of 
hexose-dominated  fruits  like  cherries  and  grapes  seasonally 
(Martin  et  al.  1951).  Karasov  and  Levey  (1990)  report  that 
American  robins  and  gray  catbirds  are  also  ineffective  at 
absorbing  sucrose,  presumably  as  a result  of  the  absence  of 
sucrase  activity. 

Cedar  waxwings  show  intestinal  sucrase  activity  but 
prefer  glucose  and  fructose  over  sucrose  (chapter  2) . Cedar 
waxwings  absorb  929  and  B89  of  the  glucose  and  fructose  they 


(chapter  2) . 


waxwinga  the  maximal  rate  of  glucose  uptake  is  greater  than 
the  maximal  rate  of  sucrose  hydrolysiSr  and  cedar  waxwings 
show  substantial  passive  uptake  of  glucose  IKarasov  and  Levey 


sucrose  hydrolysis  Is  the 
predictions  of  the  model.  The 
)t  measured  in  cedar  waxwings 
r slightly  lower,  Chan  the  race 
r waxwings  absorb  fructose  like 


d Hopper  1 


Holdsworth  and 
e monosaccharide 


different  sugars 
species  tested  preferred 
glucose  and 


1990) . It  appears,  thus,  tl 
limiting  step,  supporting  i 
rate  of  fructose  uptake  wai 
but  it  is  probably  similar, 
of  uptake  of  glucose  (if  cf 
mammals,  Slgrlst-Helson 
Dawson  1964).  The  uptake  mechanism  of  c 
fructose  is  virtually  unknown  in  birds, 
more  attention  (Leveille  et  al.  1970). 

The  preferences  of  hummingbirds 
were  reviewed  in  chapter  3 . Al. 
sucrose  over  fructose,  glucose, 
fructose.  In  spice  of  many  species  showing  a marked 
preference  fcr  sucrose,  hummingbirds  appear  to  derive  no 
energetic  advantages  from  feeding  preferentially  on  sucrose 
over  1:1  mixtures  of  glucose  and  fructose  (chapter  3).  The 
preference  of  hummingbirds  for  sucrose  over  mixtures  of 
hexoses  is  purrllng.  As  predicted  by  Che  model,  hummingbirds 
consistently  prefer  concentrated  over  dilute  solutions 
(Hainsworth  and  Wolf  1976;  Stiles  1976). 

Because  most  hummingbirds  feed  on  nectar  containing 
high  concentrations  of  sucrose,  and  appear  to  prefer  sucrose 
over  glucose  and  fructose,  it  can  be  predicted  that  they  will 
exhibit  high  intestinal  sucrase  activities  and  that 
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absorption  rather  than  hydrolysis  will  be  the  limiting  step 
li-g-  that  2Vg  » V)i)  , The  rate  of  glucose  absorption  of  the 
hummingbird  intestine  is  the  highest  reported  among 
vertebrates  (Karasov  et  al.  19S6);  sucrase  activities  are 
also  extremely  high  (chapter  4) . 

Diaeailve  Traits  and  the  Rewards  That  Plants  offer  to  Avian 

The  nectar  secreted  by  hummingbird-pollinated  plants  is 
predominantly  sucrose-rich  or  sucrose-dominant,  whereas 
passerine  pollinated  flowers  secrete  nectars  that  are  hexose- 
domlnant  (Baker  and  Baker  1983) . The  robustness  of  this 
dichotomy  in  the  chemical  composition  of  nectars  is 
illustrated  by  the  species  of  F.rvrhri  na  (fabaceae),  where 
Old  Morld  and  New  Norld  passerine-pollinated  species  show 
clear  hexose  dominance,  and  hummingbird-pollinated  plants 
show  high  sucrose-hexose  ratios  (0.553  -2.187  in  hummingbird- 
pollinated  species,  0.015  - 0.074  in  perching  bird-pollinated 
species,  from  Baker  and  Baker  1982,  1983) , Scogln  and  Freeman 
(1984)  have  described  a similar  pattern  in  the  Andean  genus 
Pnva  (Bromeliaceae) . In  an  extensive  review  of  the  sugar 
composition  of  fruit  pulps  ( > 200  son. i . Baker  and  Baker 
(1986,  and  unpubl.  data)  found  that  most  bird-dispersed 
fruits  are  hexose  dominant  with  very  low  sucrose/hexose 
ratios,  whereas  cultivated  fruits  used  for  human  consumption 
have  considerably  higher  sucrose/hexose  ratios. 


What  could  explain  this  pattern?  Becauae  flowers  and 
fruit  are  "prey  that  want  to  be  eaten",  the  rewards  chat 
plants  offer  should  be  accessible  and  easily  digestible  by 
potential  pollinators  and  seed  dispersers  (Heinrich  1976; 

Snow  1961b),  Baker  and  Hurd  (1968)  and  Howell  (1974)  have 
suggested  that  Che  chemical  characteristics  of  the  rewards 
that  plants  offer  reflect  the  preferences  of  pollinators  and 
seed  dispersers,  I have  argued  that  these  preferences  (nay  be 
strongly  influenced  by  digestive  traits.  One  can  argue  that 
Che  preferences  of  pollinators  and  seed  dispersers  act  as 
selective  forces  maintaining  the  preferred  sugar  composition 
of  Che  plants  chat  they  feed  on.  This  argument  leads  to  a 
series  of  predictions  correlating  sugar  preferences  and 
digestive  traits  of  birds  with  the  sugar  composition  of  the 
rewards  that  plants  offer  to  them.  Thus,  most  hummingbirds 
should  prefer  sucrose  over  hexoses,  whereas  flower-visiting 
perching  birds  and  avian  frugivores  should  prefer  hexoses 
over  sucrose.  The  model  detailed  above  associates  some 

s with  the  sugar  preferences  of  birds . I 
□ng  birds,  frugivorous  and  non-hovering 
1 ahow  preference  for  hexoses  over 
sucrose.  I also  predict  that  this  preference  will  be 
correlated  with  sucrose  hydrolysis  being  a race  limiting  seep 
in  the  absorption  of  hexoses  from  sucrose.  Hummingbirds,  in 
contrast,  should  have  uptake  of  hexoses  as  the  cate  limicing 
step.  My  model  predicts  Chat  hummingbirds  derive  no  energetic 
advantage  from  feeding  preferentially  on  sucrose,  Alternative 


physiological  era 
hypochesite  chat 
flower  visitors  w 


apparently 


explanations  are  needed  to  account  for  the 
widespread  preference  of  huiruningbirds  for  sucrose  over 

The  existence  of  a clear  dichotomy  in  the  kinds  of 
sugars  consuioed  by  ecologically  contrasting  groups  of  birds, 
offers  a good  opportunity  to  examine  the  importance  of 
relatively  subtle  differences  in  the  chemical  composition  of 
foodstuffs  to  the  feeding  preferences  of  animals.  In  a 
similar  fashion,  the  examination  of  the  digestive  strategies 
of  frugivorous  and  nectarivorous  birds  can  help  to  understand 
how  digestive  traits  can  influence  foraging  behavior,  and  may 
help  to  shed  some  light  on  the  possible  factors  that  have 
influenced  the  evolution  of  the  interaction  of  birds  and 
their  plant  mutualists.  An  evolutionary  explanation  of  the 
puzzling  patterns  of  sugar  distribution  in  the  rewards  that 
planta  offer  to  their  avian  mutualists  will  probably  have 
digestive  physiology  as  sn  important  ingredient. 


T«ble  S-1.-  Symbology  snd  units- 


Symbol  Definition  units 


F fructose  concentration  per  llraoles/Ml 

unit  volume  of  Clgesta 

G glucose  concentration  per  tlmole^/^l 

unit  volufte  of  Cigesta 

H hexoses  (fructose  • glucose)  *imole3/pl 

concentration  per  unit  volume  of  digests 


=0 


of  hexoses  absorbed  p 
t volume  of  digesta 


energy  uptalte 


energetic  costs 
of  filling  the  intestine 


llmoles/Ul 

^moles/Ml 


energy  expenditure 


Joules/min , 


digesting 


fructose  intestinal  uptake  rate 

;imoles/  (pi-m 

glucose  intestinal  uptake  rate 

lunoles/  (|ll-m 

hexoses  (glucose't  fructose) 
intestinal  uptake  rate 

pmoies/ (pl-n 

sucrose  hydrolysis  rate 

|imoies/<pl' 

Michaelis  constant  of  glucose 
intestinal  uptake 

pmoles/pi 

Michaelis  constant  of  hexose 
intestinal  uptake 

|lmoles/|ll 

Michaelis  constant  of  sucrase 
intestinal  hydrolysis 

pmoles/pl 

Intestinal  passive  permeability  inin.~^ 
coefficient  of  hexoses 

maximal  rate  glucose  pmoles/(pl' 


intestinal  uptake 


hexoses  ^noles/ 'mi] 


intestinal  uptake 


funoles/  (pl'iiln) 


rate  oC  Intestinal  flow  of  digeeta  lll/min 

intestinal  throughput  time  min 

optimal  intestinal  throughput  time  min 

energy  value  per  pmole  of  hexoses  Joules/Mmole 
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Fig.  5-3.-  Effect  of  feeding  costs  and  suga 
optimal  throughput  times  of  the  frugivore  model.  Graph  (aj 
shows  the  consequences  of  increasing  the  cost  of  filling  the 
intestine  (Cq)  on  the  throughput  time  that  maximizes  energy 
intake.  Graph  (b)  illustrates  the  effect  of  increasing  food 
concentration  from  O.S  M to  0.7  M on  the  optimal  throughput 
time.  To  calculete  the  cost-benefit  curve  I used  the  kinetic 
parameters  of  curve  Ic,  an  inteatinal  volume  of  600  pi  and 
metabolic  costs  calculated  for  a 30  g bird  from  the  equation 
1.8  X 6.8  (M  X 10*3)0.704,  M (whittow  1906) . 


The  evolution  o£  the  diversity  of  traits  in  flowers  and 
fruits  and  its  obvious  relationship  to  poiiination  and  seed 
dispersal  has  been  studied  for  over  a hundred  years  (Baker, 
1919} , The  forces  and  constraints  that  mold  and  maintain  the 
array  of  floral  and  fruit  characteristics,  however,  have 
received  con^aratively  little  attention  (see  Sections  I and 
II  in  Jones  and  Littie,  1963)  . Researchers  have  recognized 
chat  characteristics  such  as  morphology,  color,  and  smell  can 
associate  flowers  and  fruits  with  specific  groups  of 
pollinators  and  seed  dispersers  (Faegri  and  van  der  Fiji, 

1966) , but  have  rarely  tried  to  explain  why  or  how  unrelated 
plants  have  evolved  convergent  syndromes  in  response  to 
common  groups  of  pollinators  and  dispersers. 

Flowers  and  fruit  are  "prey  that  want  to  be  eaten" 
(Heinrich,  1975);  therefore,  ecologists  generally  assume  that 
their  characceristtcs  are  a consequence  of  pollinator's  or 
disperser'a  choice  (Howell,  1979).  Plants  pollinated  or 
dispersed  by  different  groups  of  animals  offer  different 
kinds  and  concentrations  of  sugars,  amino  acids,  and  lipids 
(Baker,  1975i  Baker  and  Baker,  1973;  HcKey  1975).  The 
chemical  composition  of  the  rewards  that  plants  offer  is  a 
good  example  of  the  diversity  usually  assumed  to  be  molded  by 
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Che  preferences  of  animals  (Calder,  1979;  Howell,  1979) . 
Throughouc  chis  dissertation  I have  focused  on  the  sugar 
constituents  of  nectar  and  fruit  to  eramine  this  assumption 
and  to  try  to  resolve  why  plants  offer  different  rewards  to 
different  kinds  of  animals. 

To  examine  the  relationship  between  the  sugar 
constituents  in  nectar  and  fruit  pulp  and  the  preferences  of 
birds,  I adopted  a multi-level  approach  chat  is  widely  used 
in  community  ecology  IBrown  et  al.,  1996),  but  rarely  used  to 
study  animal-plant  interactions.  I identified  an  ecological 
pattern  (the  convergence  in  sugar  composition  in  the  rewards 
offered  by  plants  with  common  pollinators  or  dispersers); 
postulated  and  empirioally  examined  a process  (the  variation 
in  sugar  preferences  among  birds);  and  investigated  the 
phyaiological  and  ethologlcal  mechanisms  responsible  for  chis 
process  (Fig.  6-1).  My  research  illustrates  how  examining  an 
ecological  phenomenon  at  many  levels  can  reveal  a good  deal 
of  the  complexities  that  are  missed  when  only  one  level  of 
the  hierarchy  is  examined. 

At  the  outset  of  my  research  I used  as  a working 
hypothesis  the  widely  held  belief  that  the  chemical 
composition  of  Che  rewards  that  planes  offer  is  a result  of 
an  evolutionary  ad5uscment  to  the  preferences  of  pollinators 
and  seed-dispersers  (Baker  and  Hurd  1968;  Howell  1979;  Stiles 
1981;  Baker  and  Baker  1983  among  others) . The  sugar 
preferences  of  birds  supported  this  view.  Birds  appear  Co 
prefer  the  kinds  of  sugars  present  in  Che 


nectars  and  fruit 


chat  they  feed  on.  Analyais  at  this  behavioral  level  only 
would  have  led  me  to  accept  Che  one-dimensional  view  chat  the 
main  evolutionary  response  is  made  by  plants. 

The  physiological  and  echological  correlates  of  sugar 
preferences  in  birds,  however,  revealed  a more  complex 
relationship  and  posed  a new  sec  of  questions.  In  this 
chapter  I will  develop  what  1 believe  are  plausible  scenarios 
for  the  evolution  of  the  diversity  of  sv 


nectar  and  fruit  pulp.  These  scenarios  will  serve  Co  frame 
the  many  questions  and  hypothesis  posed  in  Che  previous 
chapters.  I will  first  deal  with  Che  evolution  of  the  sugar 
constituents  in  nectar  and  the  vexing  question  of  the  sucrose 
preferences  of  hummingbirds;  then,  I will  tacble  the 
evolution  of  hexose  preferences  in  fruit-eating  birds  and 
hexose  dominance  in  fruit-pulp.  In  a final  section  I will 
point  at  Che  limitations  of  Che  multi-level  approach  Chat 


guided  my  research  as  a tool  to  provide  evolutionary 
explanation  for  traits — such  as  Che  composition  of  sugsr  in 
nectar  and  fruit — that  may  be  the  result  of  historical 


coevolutionary  processes 


By  virtually  every  criterion — be  it  morphological, 
behavioral  or  physiological — hummingbirds  are  the  most 
speclallted  nectar-feeding  birds  and  show  several  differences 
when  compared  with  passerine  nectarlvores  (see  table  3 in 


Collins  1989) . I hypothesize  that  hummingbirds  and  moat 
nectar-feeding  passerines  differ  in  digestive  abilities  as 
well.  Specifically,  I suggest  that  the  digestive  physiology 
of  hummingbirds  is  well  suited  for  a sucrose  diet  whereas  the 
digestive  physiology  of  nectar-feeding  passerines  is  not 

s feed  parasitically  on 


the  sucrose-dominated  nectar  of  hummingbird-pollinated 
plants,  Lyon  and  Chade)e,  1971;  Stiles,  1981). 

Data  on  the  few  New  world  passerine  nectar-feeding 
species  that  have  been  examined  support  the  above  hypothesis. 
Two  out  of  three  species  showed  a preference  for  a hexose 
mixture  over  sucrose  and  assimilated  sucrose  inefficiently 
(Martinez  del  Bio  unpubl.  data).  The  digestive  traits  and 
sugar  preferences  of  Old  World  neetarivores  are  un)inown,  but 
I predict  that  they  prefer  hexoses  over  sucrose  and  that 


sucrose  will  be  assimilated  poorly  or  more  slowly  than 
glucose  and  fructose.  To  my  )cnowledge  no  data  are  available 
to  falsify  this  hypothesis.  Collins  and  Morellini  (1979)  and 
Collins  et  al.  (1980)  reported  that  sucrose  assimilation  was 
extremely  high  in  two  honeyeater  species  (BEiiBbaaa 

compare  the  rate  of  sucrose  processing  with  that  of  hexoses. 
Clearly,  more  data  are  needed  on  Che  eugar  preferences  and 
digestive  abilities  of  old  World  neccar-feedlng  birds. 

Ac  the  outset  of  my  research  I hypothesized  that  Che 
preferences  of  birds  are  the  selective  pressure  responsible 


for  oiaintaining 
plants  offer,  ai 


le  sugar  composition  in  the  rewards  that 
that  differences  in  digestive  handling  can 
preferences  among  different  groups 
of  birds.  The  evidence  suggests,  however,  that  digestive 
mechanisms  do  not  explain  the  preferences  of  hummingbirds  for 
sucrose  over  hexose  mixtures  {see  chapter  3} . Why  some 
hummingbird  species  prefer  sucrose  over  hexoses  is  a vexing 
question  that  has  no  satisfactory  answer.  It  is  especially 
vexing  because  answering  it  may  help  to  answer  the  related 
question  of  why  do  hummingbird-pollinated  plants  secrete 
sucrose  instead  of  glucose  and  fructose? 

In  chapter  3 I suggest  a possible  answer  to  this 
question.  I argue  that  sucrose  is  the  major  form  in  which 
energy  is  translocated  in  most  plant  species  (Hawker,  1965), 
and  that  it  is  probably  cheaper  for  plants  to  secrete  sucrose 

nectaries  into  glucose  and  fructose  (Fahn,  1979).  It  is 
likely  than  in  the  absence  of  pollinator  selection  against 
sucrose,  sucrose  producing  phenotypes  are  advantageous,  The 
digestive  adaptations  of  hummingbirds  allow  them  to  use 
sucrose  as  efficiently  as  hexose  mixtures,  and  in  consequence 
hummingbird-pollinated  planes  are  allowed  to  secrete  sucrose 
dominated  nectar.  Passerine-pollinated  plants,  in  contrast, 
seen  to  be  visited  and  pollinaced  by  a diverse  group  of 
relatively  unspeclallzed  species,  some  of  which  cannot  use 
sucrose  as  efficiently  as  they  can  the  readily  assimilable 
monosaccharides  glucose  and  fructose.  In  these  plants  the 


presence  of  sucrose  in  nectar  would  act  as  a floral  filter 
excluding  potential  pollinators. 

The  distribution  of  floral  nectar  constituents  in  bird- 
pollinated  plants  appears  to  be  the  result  of  the 
evolutionary  interaction  between  plants  and  two  secs  of 
pollinators  with  contrasting  degrees  of  digestive 
specialization  (chapter  3) . This  scenario  explains  well  the 
divergent  evolution  of  the  two  bird  pollination  syndroraes  in 
the  New  World,  where  passerine  pollination  is  of  [tore  recent 
origin  than  hummingbird  pollination  (Stiles  1981),  and  where 
most  passerine  flower  visitors  are  facultative  and  without 
doubt  less  specialized  than  hummingbirds  (Cruden  and  Toledo, 


19111  Sryj,  1990) . 

In  Australasia,  Africa,  and  Kawaii,  several  familiea  o 
passerines  have  independently  evolved  sophisticated 
morphological  specializations  that  enhance  the  ability  to 
feed  on  nectar  (Collins  and  Paton,  1989) . My  scenario  for  t 
evolution  of  nectar  sugar  composition  suggests,  however,  th 
they  have  not  evolved  the  sucrose-adapted  digestive 
physiology  of  hummingbirds.  The  existence  of  specialized 
nectar-feeding  birds  In  the  Old  World  poses  a puzzling 

followed  a divergent  path  from  those  of  the  Old  World 


At  the  moment  I do  not  have  a convincing  answer.  I 
suspect,  however,  that  the  contrasting  pollination  spectra  of 
the  floras  with  which  hummingbirds  and  passerines  evolved  may 


hold  the  key  to  this  question.  HuBuningbird-pollinated  flowers 
are  derived  mostly  from  (lowers  pollinated  by  butterflies  and 
large  bees  (Grant  and  Grant.  196B;  Stiles.  ISSlj,  both  of 
which  secrete  sucrose-rich  or  sucrose-dominant  nectars  (Baker 
and  Baker,  1963)  . Presumably.  proto-huouiLingbirds  bad  to 
evolve  the  digestive  adaptations  to  feed  on  sucrose  before 
they  became  the  "most  effective  pollinators"  (sensu  Stebblns 
1970)  of  these  plants.  Large  (lower-visiting  bees  ace  scarcer 
in  Australia  and  Africa  chan  in  the  Kew  World  (Michener  1970; 
Baker.  1973) . In  the  Old  World,  bird-pollinated  flowers  are 
derived  from  a variety  of  ocher  syndromes,  including  small- 
bee.  fly  and  mammal  pollination  (Ford  et  al..  1979).  Flowers 
in  these  syndromes  tend  to  secrete  nectars  with  lower 
suerose/hexose  ratios  chan  large  bee  and  butterfly  flowers 
(Baker  and  Baker,  1983).  It  nay  be  that  hummingbirds  and  Old 
World  nectar-feeding  passerines  inherited  floras  with 
contrasting  pollination  spectra,  and  that  in  consequence, 
they  now  occupy  different  digestive  "adaptive  rones"  (sensu 
Simpson  194  9)  . 

Seed  Diapersal  and  the  Chemical  Cornncsition  of  Fruit-pulp 
I have  identified  two  mechanisms  that  can  account  for 
the  preference  for  hexoses  over  sucrose  in  frugivorous  birds: 
fast  passage  rates  and  lack  of  intestinal  sucrase.  In  this 
section  I explore  the  causes  and  consequences  of  the  first  of 
these  mechanisms. 


are  the  vehicles  used  hy  plants  for  seed 
dispersal  and  are  hy  necessity  bullcy.  The  juicy  fruits  that 
axe  typically  dispersed  by  small  passerine  birds  are 
characterized  by  a nutrient-dilute  pulp  and  a large 
proportion  of  seeds  <Koemond  and  Denslow,  19951  , The 
presence  of  seeds  in  fruit  reduces  total  gut  capacity  and 
Imposes  a heavy  undigestible  load  on  flying  fruit-feeding 
dispersers  (Levey,  19871.  Levey  and  Grajal  (1990)  have  argued 
that  the  fast  gut  passage  rates  typical  of  frugivores  evolved 
as  a mechanism  to  void  the  ballast  that  undigestible  seeds 
represent.  Indeed,  rapid  processing  of  seeds  and  pulp  seems 
to  be  a trait  common  to  most,  if  not  all,  stoall  frugivores 
(Morrison,  1960;  Herrera  1984). 

Apparently  fast  passage  rates  do  not  provide  the 
necessary  processing  time  for  complex  substrates  such  as 
sucrose,  which  must  be  hydrolyzed  to  be  assimilated,  and 

birds  (chapter  2).  Levey  and  Grajal  (1990)  argue  that 
frugivores  may  have  selected  for  nutrients  in  fruit  pulp  that 
can  be  rapidly  assimilated,  such  as  monosaccharides  and  free 
amino  acids,  and  against  complex  nutrients  that  require 
digestion  prior  to  absorption  such  as  sucrose, 
polysaccharides,  and  polypeptides  (Milton,  1981;  chapter  2) . 

The  low  sucrose/hexose  ratios  found  in  the  fruit  pulp 
of  bird-dispersed  fruits  are  probably  the  result  of  benefits 
to  birds  of  rapid  disposal  of  seeds.  Fast  passage  rates, 
therefore,  may  causally  lin)c  frugivory  and  seed  dispersal 


with  the  preCetence  of  bird  frugivorea  for  glucoae  and 
fnjctoae.  The  absence  of  sucrose — and  presuraabl/  other 
complex  substrates — in  fruit  pulps  appears  to  be  the  result 
of  diffuse  coevolution  (sensu  Futuyma  and  slatkin  1983) 
between  birds  and  plants,  and  to  be  mediated  by  the  digestive 
adaptations  of  birds  to  a fruit  diet  (Fig,  6-2) , 


Conseauences? 


In  a sample  of  22  species,  lack  of  intestinal  sucrase 
activity  appeared  to  be  restricted  to  thrushes 
(Muscicapidae) , starlings  {Sturnidae),  and  thrashers 
(Mimidae,  chapter  4).  These  three  families  are  members  of  a 
single  phylogenetic  lineage  {Sibley  and  Ahlguist, 1984 ; Sibley 
et  al.,  1988)  that  includes  many  nectarivorous  and 
frugivorous  species,  some  of  which  are  quite  specialized 
(e.g.  Fremeroes.  Olson  and  Ames  1984).  The  cosmopolitan 
family  Muscicapidae  contains  the  largest  number  of  seed- 
dispersing  genera  and  species  in  the  Nearctic  and  Falearctic 
realms  IHerrera,  1984;  Willson,  1986;  Snow  and  Snow,  1988). 
The  families  Mimidae  and  Sturnidae  also  include  many  highly 
frugivorous  species  in  the  New  and  the  Old  world  tSnow,  1981; 
Willson,  1986). 

In  present-day  communities,  the  preferences  of  sucrose- 
intolerant  species  may  be  a strong  selective  force  that 
contributes  to  the  maintenance  of  low  sucrose  concentrations 
in  nectar  and  fruit  pulp.  Lack  of  intestinal  sucrase. 
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however/  is  an  unlikely  explanation  for  the  origin  of  hexoae 
dominance  in  fruit  pulp.  Fruit-eating  appeared  very  early  in 
the  evolutionary  history  of  birds  (Regal,  1977).  Fossil 
trogons  (Trogonidael  and  touracos  (Husophagldael  can  be  found 
in  Eocene  and  early  Oligocene  deposits  (Olson  1985).  The 
sturnid-muscicapid  lineage  probably  appeared  after  the 
Miocene  (Olson  1985,  Sibley  and  Ahlquist  1984) . Thus, 
frugivory  and  Its  coevolutionary  correlates  certainly 
antedated  the  evolution  of  the  sturnid-muscicapid  lineage, 
ma)ring  it  difficult  to  argue  that  hexose  dominance  in  fruit- 
pulp  is  a result  of  the  selective  pressure  exerted  by 
sucrose-intolerant  birds.  It  is  more  li)cely  chat  hexose 

fast  passage  races,  and  subsequently  permitted  the 
development  of  frugivory  in  the  asucrotic  sturnid-muscicapid 
lineage,  facilitating  a very  successful  frugivcrous  radiation 
(Fig.  6-3). 


IQa  MSEariaa.i  Sinoularirles 

Gilbert  and  Raven  (1973)  have  pointed  out  the 
difficulty  of  integrating  ecological  and  evolutionary  time  in 
coevolutionary  studies.  Coevolutionary  relationships  are  by 
definition  the  product  of  historical  change,  yet  this 
historical  change  is  still  proceeding  (Gilbert  and  Raven 
1973) . The  multi-level  approach  chat  I have  used  to  guide  my 
wor)c  emphasizes  ecological  time  and  therefore  includes  an 
implicit  equilibrium  assumption;  it  assumes  chat  current 


meehenlsms  and  ptoeesaea  are  reaporaibla  for  Baintalning  a 
given  coevoiutionary  pattern.  The  reaulta  of  hlatory, 
however,  rarely  specify  their  initial  causes  unambiguously 
(Gould  19B0] . In  consequence,  my  chosen  approach  does  not 
provide  many  insights  on  the  origins  of  Che  mechanisms  and 
processes  that  underly  the  peculiar  distribution  of  the  sugar 
constituents  of  nectar  and  fruit  pulp. 

In  particular  my  approach  fails  to  provide  explanations 
to  two  vexing  questions:  Why  do  huiroiingbirds  have  digestive 
physiologies  that  are  sucrose  adapted,  whereas  passerine 
nectarlvores  apparently  do  not;  and  why  do  starlings  and 
robins  lack  intestinal  sucrase  activity?  Using 
blogeographical  and  phylogenetic  data  I have  suggested 
preliminary  explanations.  I have  argued  that  perhaps  the 
dichotomy  in  the  digestive  traits  of  hummingbirds  and 
nectarlvorous  passerines  is  the  result  of  coevolution  between 
these  groups  and  floras  with  contrasting  pollination  spectra. 
I also  have  argued  that  the  lack  of  sucrase  in  Starlings  and 
Robins  is  a trait  asaociated  with  a single  phylogenetic 
group,  the  scurnid-muscicapid  lineage  (Sibley  ec  el.,  19BB) . 
Lack  of  sucrase  may  be  a good  example  of  a phylogenetic 

constituents  in  nectar  and  fruit  pulp  is  not  In  itself 
sufficient  to  provide  adequate  evolutionary  explanations.  An 
adequate  evolutionary  explanation  for  the  distribution  of 
sugar  constituents  in  the  nectar  and  fruit-pulp  of 


ornithophylous  plants  will  re<|uire  Integrating 
chemistry  with  bird  behavior  and  physiology  in 
biogeographic  and 


phylogenetic  perspective. 
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Fig.  6-1.-  Diagramstlc  repreaencstion  of  the  multi-level 
approach  that  guided  my  reaeareh.  The  triangular  charts  show 
the  distribution  of  sucrose  (al,  glucose  (g),  and  fructose 
proportions  in  nectar  (upper  triangle)  and  fruit  pulp  (iouer 
triangle) . I hypothesized  that  the  pattern  of  distribution  of 
sugar  constituents  In  nectar  and  fruit  pulp  uaa  maintained  by 
a behavioral  process,  the  sugar  preferences  of  birds  I also 
hypothesized  that  the  digestive  traits  of  birds  were  the 
mechanisms  that  underlie  Che  sugar  preferences  of  different 
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Fig,  6,2.-  Hypothetical  scenario  for  the  evolution  i 
dominance  in  fruit  pulp.  The  triangular  chart  plots 
distribution  of  sugar  constituents  in  the  pulp  ' 
dispersed  fruits-  I hypothesize 
ratios  found  in  the  fruit  pulp  o 
probably  the  evolutionary  result 
rapid  disposal  of  seeds. 
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APPENDIX 


APPENDIX 


annt^nHi  X 


The  qualitative  features  of  the  reaction/absorption 
curve  can  be  examined  by  analyzing  the  sign  of  the  second 
derivative  of  Att) : 

d2A/dx2  - dH/dX  (lhh/(lCh  + H)  ) t k^)  . 

The  reaction/absorption  curve  is  linear  if  d^A/dX^ 
equals  zerc.  This  occurs  when  dK/dX  « 0,  namely  when  the  rate 
of  supply  of  sucrose  hydrolysis  products  is  equal  to  the  rate 
of  uptake  of  hexoses.  This  happens  when  the  absorption  curve 
in  Figs,  la  and  lb  crosses  the  2V^  line.  If  2Vg  < this 
event  occurs  very  early  in  the  absorption  process,  and  the 
reacCion/absorption  kinetics  behave  as  zero  order  until 
almost  all  the  substrate  is  absorbed. 

In  the  hummingbird  model  the  value  of  d^A/dX^  (•  dH/dt 
{kn/(k^  t H)})  is  always  close  to  zero  because  the  term 
<kb/(kb  * H))  is  always  small  <kg  • Q.OOS-0.0006  )lnole/>a  in 
vertebrates,  Karasev  et  al.  19B5) . The  reaction/absorption 
curves  are  therefore  approximately  linear  until  H drops  below 
kij. 

In  the  frugivore  model  d^A/dX^  (-dH/dX  {[kh/lkn  + H) ) + 
kd)l  is  greater  than  zero,  and  therefore  A(X)  is  an 
accelerating  curve,  whenever  the  supply  of  sucrose  hydrolysis 
products  is  larger  than  the  uptake  of  hexoses  (K  < {2vs  - 
Vh)/kd,  assuming  that  2Vg  > Vjil  . The  reaction/absorption 
curve  becomes  decelerating  when  dH/dX  < 0.  This  occurs  for 


175 


all  T when  hexoaes  are  the  aole  substrate,  or  when  the 
sucrose  hydrolysis  products  becomes  smaller  than  the  ri 
uptake. 


APPENDIX  5-2 


ftpp^nrti V S-? 

Here  1 show  that  in  the  hummingbird  mo 
tasea,  the  reaction/absorptlon  curve  of 
the  absorption  curve  of  hexoses, 
tf  S » k^l,  then 

dH/dX  - 2rg  - rj,  - 2Va  - Vj,, 

I - (2Vj  - Vh)T. 

Substituting  H - (2Vs  - Vh)T  In  dA/dX  o 
dA/dX  . Vh(2Vj  - Vn)X/(X2Vj  t (kh  - VhX) 
Because  lim  (Vft[(2Vg  - VhJX/(kh  + (ZVg 


n - It  [kh/Vh)[f/(l  - flX), 


The  rate  at  which  dA/dx  tends  to  Vj,,  the 
ned  by  Che  value  of  relative  to  the  v 


aiOGRAPHlCW,  SKETCH 


I was  born  in  April  1956  in  Mexico  City  anfl  promptly 
taken  by  my  young  and  adventurous  parents  to  a small  forestry 
operation  at  the  Sierra  Hadre  del  Sur  where  my  father  worked. 
When  I was  one  month  old  I became  sick  with  what  doctors 
diagnosed  as  polio.  Moved  by  my  mother’s  pain,  one  of  my 
father's  employees  revealed  his  true  identity.  He  was  a 
medicine  man  {"curandero")  and  was  going  to  cure  me  with 
prayer,  herbs  and  aguardiente.  He  did. 


I come  from  a lineage  of  inventors,  ranchers,  and  sea- 
faring merchants.  My  great-grandfather  invented  a standing 
exercise  bicycle,  wrote  a book  on  how  to  prevent  train 
crashes  and  was  the  first  Spaniard  in  Antarctica.  He  burned 
his  house  down  trying  to  invent  central 
my  grandfather,  was  uncommon  because  he 


persuasions  1 
Mexico.  He  ma 


scientist  but 
le.  He  went  to  Iceland  to  study  geysers.  Aldous 
friend  and  people  from  all  political 
:ed  him,  which  is  unusual  in  a country  like 
have  been  interested  in  this  dissertation. 


I grew  up  in  cattle  ranches,  coffee  plantations  and 
sugar  cane  mills.  As  a boy  1 concocted  stories  and  told 
outrageously  unbelievable  lies.  Not  because  I was  lonely  b 
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simply  because  I lined  It.  No  one  In  my  family  has  believed 
anything  1 have  said  ever  since.  I developed  a atxong 
interest  in  Natural  History  after  having  killed  and  looked  at 
the  innards  of  many  animals.  Ky  father  strongly  disapproved 
of  my  interest  in  biology  because  he  dislikes  killing.  He 
never  discouraged  me,  however,  and  always  ate  what  I brought 
to  our  table.  He  influenced  me  by  giving  me  books  and  by 
being  gentle. 


I went  to  college  at  Mexico's  biggest  university  where  I 
learned  to  enjoy  mathematics  and  the  hunt-game  of  research. 

It  took  me  a long  time  to  graduate  because  1 consistently 
refused  to  take,  or  pass,  courses  that  I didn't  enjoy.  After 
college  1 came  to  the  University  of  Florida.  Here  I worked 
hard  for  the  first  time  in  my  life  and  met  Martha  Wilson. 
Working  hard  almost  prevented  me  from  knowing  Martha.  Before 
coming  here  1 never  thought  that  I waa  going  to  get  a Ph.D. 
ox  to  teach  anything  to  anybody. 


I certify  chat  I have  read  this  study  and  that  in  my 
opinion  it  conforms  to  acceptable  standards  of  scholarly 
presentation  and  is  fully  adequate,  in  scope  and  quality,  as 
a dissertation  for  the  degree  of  Doctor  of  Philoaophy. 
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